Metalloprotein engineering with unnatural amino acids: application in functional heme-copper oxidase and azurin by Yu, Yang
  
 
 
METALLOPROTEIN ENGINEERING WITH UNNATURAL AMINO ACIDS: APPLICATION IN 
FUNCTIONAL HEME-COPPER OXIDASE AND AZURIN 
 
 
 
 
 
 
BY 
 
YANG YU 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Biophysics and Computational Biology 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2014 
 
 
 
 
Urbana, Illinois 
 
 
 Doctoral Committee: 
 
 Professor Yi Lu, Chair  
 Professor Robert B. Gennis 
 Professor Martin H.M. Gruebele 
 Professor Zaida Luthey-Schulten
ii 
 
 
Abstract 
Metalloproteins, proteins with metal ion cofactors, are estimated to make up 
more than a third of total proteome. They involve in key biological processes such as 
photosynthesis, respiration, and nitrogen fixation. The important roles and potential 
applications of metalloprotein urges the need for metalloprotein engineering. The advent 
of modern molecular biology provides us the ability to mutate certain amino acid in 
metalloproteins to all other natural amino acids through site-directed mutagenesis. 
However, site-directed mutagenesis is restricted to 20 natural amino acids, only half of 
which could coordinate to metal. Incorporation of unnatural amino acids greatly expands 
the toolbox of bioinorganic chemists. Several methods for unnatural amino acid 
incorporation have been developed, including cavity complementation, total synthesis, 
native chemical ligation, expressed protein ligation and amber suppression. They all 
have their own advantages and disadvantages. 
Heme copper oxidases (HCOs) catalyzes reduction of O2 to H2O and harvest 
energy at the end of respiration chain. The enzyme plays a pivotal role in aerobic 
respiration and thus is important for life on earth. The oxygen reduction reaction is 
catalyzed in a dinuclear center which is composed of a heme and a copper ion 
coordinated with three histidines. Besides that, there is a conserved tyrosine residue 
which forms a post-translational modified His-Tyr cross-link with one of the three 
histidines at CuB site. Due to the fact that HCO is a large membrane protein with 
multiple metal cofactors, it is difficult to study and there are many unsolved questions. In 
particular, since His-Tyr cross-link forms simultaneously in vivo, it has been difficult to 
directly probe the effect of cross-link. Based on a model protein system developed in 
our lab, we have been able to use amber suppression method to incorporate an 
unnatural amino acid that mimics cross-linked His-Tyr. The new protein, termed imiTyr-
CuBMb, is able to perform O2 reduction reaction three times as fast as protein without 
cross-link and in a much cleaner fashion. 
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Tyrosine is a conserved redox-active amino acid that plays important roles in 
heme-copper oxidases. Despite the widely proposed mechanism that involves a tyrosyl 
radical, its direct observation under O2 reduction condition remains elusive. Using a 
functional oxidase model in myoglobin called F33Y-CuBMb, we observed of radical 
under H2O2 reaction condition by electron paramagnetic resonance (EPR) spectroscopy. 
Simulation of X- and Q-band EPR spectra suggested this radical is a tyrosyl radical, 
while natural amino acid mutagenesis and unnatural amino acid incorporation proved 
this radical is at Tyr33, the active site Tyr in F33Y-CuBMb. Freeze quench technique 
was used to trap the same radical under O2 reduction condition, confirming the active 
site Tyr works as electron and proton donor in the reaction. Furthermore, through 
incorporation of a series of Tyr analogues, effect of pKa and redox potential of Tyr on 
enzymatic activity was explored. 
Native HCOs have efficient electron transfer pathway toward binuclear center. In 
order to increase the electron transfer rate toward our protein model, the physiological 
electron transfer partner, cyt b5 was used as electron donor. Mutations were introduced 
to Mb to increase interaction between engineered Mb and cyt b5. The resulting system 
has faster electron transfer and significantly improve O2 consumption rate. 
Azurin is a Type 1 copper protein involved in biological electron transfer. The 
copper ion in azurin is coordinated by two histidines and one cysteine in equatorial 
position and methionine, backbone oxygen of glycine at axial position. The methionine 
and cysteine have been replaced by unnatural amino acids using expressed protein 
ligation. His117 is believed to play important role in electron transfer and redox potential 
tuning. This amino acid was replaced with a series of His analogues to explore the 
effect of pKa of His in redox potential. 
Azurin, as well as other Type 1 copper proteins, has Greek key β barrel scaffold. 
Circular permutation, a method that changes amino acid sequence of a protein with little 
perturbation to its three dimensional structure, was carried out in azurin. The resulting 
mutants were characterized structurally and spectroscopically.  
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Chapter 1 Unnatural Amino Acids for Metalloprotein Engineering1 
1.1 Metalloproteins 
Metalloproteins, proteins with metal ion cofactors, are estimated to make up 
more than a third of total proteome.1 In addition to their wide existence, metalloproteins 
play important roles in key biological processes, such as photosynthesis2,3, aerobic or 
anaerobic respiration4, nitrogen fixation5-7, O2 transport and storage8,9, transcription 
regulation10. Many of these processes are not only crucial for living organisms, but also 
frontiers of bio-energy research.    
1.2 Methods for Metalloprotein Study 
Metal ions, especially transition metal ions, give metalloproteins rich 
spectroscopic features. A set of spectroscopic methods are routinely used in 
characterization of metalloproteins. These methods include UV-vis spectroscopy, 
electron paramagnetic resonance (EPR) spectroscopy, X-ray absorption spectroscopy 
(XAS), Mössbauer spectroscopy and resonance Raman spectroscopy.11 There are 
other commonly used methods for protein characterization that can be applied to 
metalloprotein study as well, such as circular dichroism, fluorescence spectroscopy, 
mass spectrometry, X-ray crystallography, various chromatography methods and 
computational methods such as density function theory (DFT) and molecular dynamics 
simulation. These methods provide important information of metalloprotein, from overall 
structure and folding to specific bond and electronic environment around metal center. 
Before structural and spectroscopic characterization, a key step for 
metalloprotein engineering and design is to precisely position desired functional groups 
in defined positions. For small molecule mimics of metalloproteins, this can be easily 
achieved during chemical synthesis. For metalloproteins, genes encoding proteins can 
                                            
1 Portions of this chapter are previously published and are here reproduced with permission from Elsevier 
for Lu, Y., Chakraborty, S., Miner, K. D., Wilson, T. D., Mukherjee, A., Yu, Y., Liu, J., and Marshall, N. M. 
(2013) 3.19 - Metalloprotein Design, In Comprehensive Inorganic Chemistry II (Second Edition) (Reedijk, 
J., and Poeppelmeier, K., Eds.), pp 565-593, Elsevier, Amsterdam. 
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be altered in a process called mutagenesis, changing amino acids in the proteins. With 
knowledge of protein structures, mutagenesis could lead to position of functional group 
on amino acids into certain positions.  
1.3 Metalloprotein Design by Incorporating Unnatural Amino Acids 
With the advent of modern molecular biology, mutagenesis to natural amino 
acids has been a powerful technique for metalloprotein design. However, when limited 
to the proteinogenic amino acids, the toolbox of bioinorganic chemists is limited to only 
20 options for mutations to make. This limitation is exacerbated when one considers 
less than half of these amino acids are capable of coordinating to metal ions. To expand 
this toolbox, various methods have been developed for incorporating unnatural amino 
acids with different unnatural side chains or even backbone groups. According to how 
the unnatural elements are incorporated into polypeptide chain, these methods can be 
divided into three categories, cavity complementation, synthetic or semisynthetic 
methods, or biological methods.  
1.3.1 Cavity complementation 
Arguably the simplest way to incorporate unnatural moieties into a protein is 
through cavity complementation, which works by creating a cavity in protein by mutation 
to amino acid with smaller side chains, like Gly. External ligands, such as imidazole or 
its derivatives thereof can then be added to solution to fill the cavity. This method can 
be used to study the effect of different ligands of appropriate size without any further 
need for protein modification. As such, a wide variety of small molecules can be 
screened in a relatively short amount of time. Canters and coworkers have 
demonstrated this method in Type 1 copper protein azurin. By mutating the equatorial 
histidine to glycine, they were able to create an open binding site, and adding different 
external ligands was seen to convert between Type 1 and Type 2 copper sites, or alter 
the redox properties of the protein.12,13 Barrick, Boxer and coworkers have made a 
cavity by mutating proximal His93 to Gly and complemented with various N, O and S 
containing ligands.14,15 Addition of sulfur ligand will give protein cytochrome P450-like 
absorption spectrum while phenolic ligands will give catalase-like spectrum.15 Goodin 
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and coworkers have made a cavity mutation His175Gly in the proximal site of 
cytochrome c peroxidase. Although external imidazole could coordinate with heme at 
the cavity, the enzymatic activity is only partially restored(~5%).16 Watanabe and 
coworkers have designed a myoglobin with Try filled into cavity to realize the P450 type 
aromatic compound hydroxylation activity.17,18 Cavity complementation provides an 
easy, flexible way to incorporate external ligand. However, unlike other methods, the 
ligand is not covalently attached in cavity complementation, which means that large 
excesses of ligand are typically needed. The molecule of interest must also be able to 
diffuse to the site of interest without interfering with other portions of the protein. 
1.3.2 Synthesis and semi-synthesis 
In total synthesis the whole polypeptide chains are assembled from amino acid 
monomers by solid phase peptide synthesis.19 This method gives great flexibility in 
types and positions of unnatural amino acids to be incorporated. However, due to the 
accumulation of errors and loss of yield from each round of synthesis, only proteins of 
50 amino acids or less can be synthesized reliably.19 Due to the limitation in peptide 
length, total synthesis of peptides has been most extensively utilized in de novo protein 
design and is therefore covered in the previous sections of this text. 
To overcome the size limitation of total synthesis method, various ligation 
methods were developed to ligate two or more short peptides into a full length protein 
by chemoselective or enzymatic reactions.19,20 Native chemical ligation (NCL) is most 
popular due to its mild conditions (neutral pH, aqueous solution) and because a native 
peptide bond is formed after ligation.20 In order to conjugate to separate peptides, NCL 
utilizes a chemoselective transthioesterification reaction that can re-arrange to a native 
peptide bond through a spontaneous acyl transfer. As shown in Figure 1.1, an N 
terminal cysteine thiol on one peptide is reversibly captured by a thioester from the C 
terminus of another peptide, followed by spontaneous S->N acyl shift from the N 
terminus of one peptide to form a native peptide bond.21 The major disadvantage of 
NCL is that it requires a thiol or selenol containing amino acid at the site of ligation. 
Introduction of an extra cysteine for ligation could interfere with metal binding or 
characterization, or result in undesirable disulfide formation. Recent developments, 
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including using an auxiliary thiol instead of Cys22, desulfurization or deselenization after 
ligation23,24 and ligation using phosphate instead of thiolate25 have the potential to 
overcome this limitation. To date, however, desulfurization or deselenization techniques 
are non-specific and will affect any thiol or selenol containing amino acid in the protein, 
and other ligation methods like those using phosphate do not yet approach the same 
yields of the thiol based ligation. Synthesis of peptide thioesters traditionally uses Boc 
chemistry which requires specialized equipment. To alleviate this need for specialized 
equipment new resins have been developed to synthesize peptide thioesters in high 
yield using milder Fmoc chemistry.26  
The use of NCL for metalloprotein design has been demonstrated in different 
proteins including cytochrome b562, high potential iron proteins (HiPIPs) and rubredoxin. 
Low et al. replaced the highly conserved Tyr10 of rubredoxin with substituted tyrosine 
analogues with different electron withdrawing/donating ability. The correlation between 
the Hammett σp values with the reduction potentials indicated the role of tyrosine in 
tuning the reduction potential of rubredoxin.27 Low and colleagues have also used NCL 
to demonstrate reduction potential tuning by replacing the axial ligand of the heme in 
cytochrome b56228  and by altering a backbone amide-Cys hydrogen bond in HiPIP.22 
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Figure 1.1 Mechanisms of native chemical ligation and expressed protein ligation.29  
Expressed protein ligation (EPL) is a semi-synthetic method based on native 
chemical ligation.29-31  In EPL, intein, a self-splicing protein domain, is used to produce a 
thioester containing peptide for native chemical ligation. The main advantage of this 
technique is that the thioester containing peptide can be recombinantly expressed, 
thereby negating the need to synthesize the thioester and allowing for much larger 
pieces of a protein to be produced through traditional expression methods. As shown in 
Figure 1.1, the N terminal part of a target protein is fused with an intein domain, which is 
then expressed as a fusion to a purification tag, such as GST. The engineered intein is 
able to cleave the N terminal peptide off the fusion. This reaction is naturally reversible, 
but the protein fragment of interest can be intercepted in the presence of external thiols. 
The resulting protein fragment will then contain a thioester and can then react with 
another peptide with an N terminal Cys to complete an NCL reaction.32 If designed 
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properly, only a short peptide containing the unnatural amino acid near the C terminal 
end of the target protein will need to be synthesized while the majority of the protein is 
recombinant expressed.  As with NCL, EPL also requires a thiol or selenol containing 
amino acid at the site of ligation.  
Several examples of the utility of EPL in studying and engineering proteins are 
now published. For example, Berg et al. have changed arginine, which is known to 
interact with DNA, to citrulline, which has a similar size but different hydrogen binding 
pattern. The varied hydrogen bonding patterns preferred by citrulline allowed this 
mutant to recognize adenine instead of guanine.33 Lu group was among the first to 
apply EPL in metalloproteins, starting with the Type 1 copper protein azurin.34-37 
Selenocysteine and selonomethonine have been used to replace S-containing ligands 
cysteine and methionine in azurin. The S to Se substitution enables us to further probe 
electronic structure of azurin by various spectroscopic techniques, including UV-vis, 
EPR, MCD and XAS.34,35,38  By replacing the axial methionine with various isostructual 
unnatural amino acids, the reduction potential of azurin was systematically tuned over a 
range of 200mV.35,36 Furthermore, by introducing a strong ligand with similar size as 
methionine, the thiol containing homocysteine unnatural amino acid, at the same axial 
position, the blue copper protein azurin is converted to red copper protein.37 
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Figure 1.2 Expressed protein ligation in Azurin. 
1.3.3 Amber suppression and other biological methods 
While NCL and EPL are very useful methods for incorporating unnatural amino 
acids into proteins, the ultimate tool in the field of protein engineering would be the 
ability to use the translation machinery of the cells to directly incorporate non-
proteinogenic amino acids. The native translation machinery has evolved to produce 
proteins with high fidelity, however, which would normally make such incorporations 
impossible. Over half a century ago, it was found that the natural promiscuity of 
aminoacyl tRNA synthetases enables structural analogues of natural amino acids to be 
incorporated into proteins in vivo.39 By removing the natural amino acid that is being 
replaced from the growth media, supplementing it with an unnatural amino acid and 
using auxotrophic strains that cannot produce the natural amino acid being replaced 
unnatural amino acids could be efficiently incorporated. This method of amino acid 
replacement is relatively easy to perform, relatively inexpensive and does not require 
any reengineering of the translational machinery.40,41 However, only a few structural 
analogues of natural amino acids can be used, and using auxotrophs will result in global 
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replacement of a given amino acid. For example, Blackburn and coworkers have 
replaced Met in soluble domain of heme-copper oxidases with selenomethionine, and 
used it as a spectral probe to study CuA site formation with X-ray absorption 
spectroscopy. 42,43. In a cytochrome p450, all 13 Met residues were replaced by an 
isosteric structural analogue, norleucine using an auxotrophic strain. Despite a lower 
thermostability, the norluecine containing mutant displays nearly two fold peroxygenase 
activity compared with the wild type enzyme. This increase was attributed to removal of 
the easily oxidized methionine that can inactivate the enzyme during the reaction.44 Met 
is a relatively uncommon amino acid, however, as compared to Lys, Glu or Asp. While 
the example of Met replacement in the p450 protein mentioned above did result in 
viable protein even after 13 substitutions, replacing an amino acid more commonly 
found would result in dozens of individual mutations, which would likely be devastating 
to protein stability and make it difficult to de-convolute which mutations produce the 
observed phenotype even if the protein is active.  
In order to provide the selectivity to make single point mutations with unnatural 
amino acids, tRNA for amber codon (UAG) or other natural amino acids is chemically 
aminoacylated,45-47 or labeled with de novo ribozymes in flexizyme system.48-50 The 
(mis)charged tRNA is added into in vitro translation system or injected into cells for 
protein translation.51,52 Such method has been used to incorporate modified backbones 
53,54, fluorescent probe 55,56, and reactive moiety57. Application of the method is 
restricted by high cost and low protein yield due to use of chemically modifying tRNA 
and translation in in vitro system or stagnant cells.  
To fully utilize the cell translational machinery, amber stop codon suppression 
methods have been developed.58 Such techniques utilize engineered aminoacyl tRNA 
synthetases (aaRS) that recognize an unnatural amino acid and transfer it to a tRNATAG, 
which incorporates the unnatural amino acid into a protein in vivo.59 As a result of the 
compatibility of amber suppression methods with cellular machinery during protein 
expression, a high level of efficiency and accuracy in unnatural amino acid incorporation 
can be achieved. As such, this method has become increasingly used over the past two 
decades with a growing list of unnatural amino acids58 and ever increasing range of 
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hosts, from bacteria like E. coli to the multicellular organism Caenorhabditis elegans.60-
63 However, due to the number of orthogonal tRNA/aaRS pairs and the lack of “empty” 
codons, only two orthogonal unnatural amino acids have been incorporated into a single 
protein so far, making incorporation of multiple different amino acids impossible at this 
time.64 Also, for each unnatural amino acid of interest, selection for specific tRNA and 
aaRS must be conducted. Furthermore, it is currently not clear how different an 
unnatural amino acid must be to efficiently evolve a truly orthogonal tRNA/aaRS pair.   
Despite the complexities involved in selection of the proper translational 
machinery, about 70 different unnatural amino acids have thus far been incorporated 
into proteins with evolved tRNA/aaRS pairs.58 A couple of tRNA/aaRS pairs that can 
recognize metal binding ligands have been selected and used in metalloprotein design. 
Ferrocene has also been introduced into proteins to create a redox active metal 
center.65 (8-Hydroxiylquinolin-3-yl)alanine has been used to introduce Zn2+ binding site 
into protein and help phasing in X ray crystallography.66 The same unnatural amino acid 
has been incorporated into GFP and enhanced fluorescence due to metal chelating.67 
Wang and coworkers have incorporated several metal-chelating unnatural amino acids 
to alter enzymatic activity.68,69 Recently, Baker and coworkers have demonstrated using 
Rosetta suite for computational design of metalloprotein with unnatural amino acids.70 
They have designed a Co2+/Ni2+ binding site with the unnatural amino acids (2,2`-
bipyridin-5yl)alanine. The protein has high metal binding affinity and its crystal structure 
matches well with computational model. 
1.4 Summary 
Compared with mutagenesis with natural amino acids, unnatural amino acids 
provide more flexibility and precise control of steric and other factors in order to 
systematically tune a certain aspect of residue. Various methods of unnatural amino 
acids incorporation have been developed and I would adapt different methods 
according to our need and their advantages and disadvantages. Combining biosynthetic 
approach, unnatural amino acids incorporation and biophysical characterization 
methods, I studied two different metalloprotein systems, as shown in the following 
chapters. 
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Chapter 2 Incorporation of imiTyr in CuBMb to Mimic Post-
Translational Modified His-Tyr Cross-Link for Better Oxidase 
Activity2 
2.1 Introduction 
 Aerobic respiration is a process in which organic molecules are broken down and 
their energy is stored and eventually transferred to ATP.  Heme-copper oxidases (HCOs) 
are the last enzyme in aerobic respiration chain and are crucial for energy metabolism 
and global oxygen cycle.1,2 HCOs accept electrons from upstream enzymes and reduce 
molecular oxygen to water. HCOs catalyze the reaction with remarkable speed (50- 
~1000 s-1)3,4 and accuracy. During this process, energy released upon O2 reduction is 
stored in the form of transmembrane proton gradient and is used later for ATP synthesis. 
Although there are other enzymes such as cytochrome bd oxidases5 and non-heme iron 
oxidases6 that can reduce oxygen to water, HCOs still account for 90% of biological O2 
consumption on earth.7  
 HCOs are found in all aerobic organisms. They are in general multi-subunit 
membrane-bound proteins with multiple metal cofactors. HCOs from different organisms 
vary in number of subunits, type and number of metal cofactors, and electron donor.8 
The catalytic site, containing a high-spin heme and a copper, thus named binuclear 
center, is conserved among different HCOs. As shown in Figure 2.1C, in the binuclear 
center the high-spin heme is coordinated by a proximal histidine while the copper, 
termed CuB, is coordinated by three histidines. One of the histidines is cross-linked to a 
nearby tyrosine, showing a rare post-translational modification. 
His-Tyr cross-link was first revealed in high-resolution crystal structure of bovine 
cytochrome c oxidase, which showed that the ε-nitrogen of one of the Histidine in CuB 
site forms covalent linkage with C6 of a conserved tyrosine in the same helix.9-11 As 
more crystal structures of HCOs from different organisms were solved, the His-Tyr 
                                            
2 Portions of this chapter are previously published and are here reproduced with permission from John 
Wiley and Sons for X. Liu, Y. Yu, C. Hu, W. Zhang, Y. Lu and J. Wang, Angew. Chem., Int. Ed., 2012, 51, 
4312-4316.  
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cross-link was found to exist universally in HCOs including those from Paracoccus 
denitrificans aa3 oxidase12,13, Thermococcus thermophilius ba3 oxidase14, cbb3 oxidases 
from Vibrio cholera15 and Rhodobacter sphaeroides16. Besides X-ray crystallography, 
other techniques including tryptic digest coupled to mass spec and infra-red 
spectroscopy have verified the existence of the cross-link between His and Tyr. 17-19 
 
Figure 2.1 Crystal structure of cytochrome c oxidase. A) Holo enzyme showing all 13 subunits in 
different color. B) Holo enzyme with metal cofactors including CuA, heme a and binuclear site 
highlighted. C) Binuclear site with ligands. PDB ID: 1OCC.11 
Although the existence of His-Tyr cross-link is firmly established, its role in O2 
reduction reaction is still elusive. It has been proposed that the cross-link could 
structurally position His for optimal geometry, or alter pKa of Tyr to accelerate electron 
transfer.16,17,20,21 To probe the role of the cross-link in native protein, Rousseau, Gennis 
and coworkers have mutated Tyr to Phe in R. sphaeroides. This mutant was designed 
to prevent the formation of His-Tyr crosslink, however, it resulted in an inactive enzyme, 
probably due to disruption of the active site.22 Varotsis and coworkers mutated Tyr to 
His in P. denitrificans. Although the mutant retains O2 binding ability, the oxygenated 
species decays to resting form.23 Both work suggest either the cross-link, or Tyr alone, 
is crucial for reactivity. Besides studies in the native protein system, small molecule 
analogs of His-Tyr cross-link have been synthesized, spectroscopically characterized, 
and studied by theoretical calculation.20,23,24 Recently, a model complex has been make 
with three imidazole rings and a phenol around the site. This complex has shown 
oxidase activity when attached to electrode surface.25 Further modification of the system 
A B C 
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has enabled O2 reduction to water in homogenous solution using native reduction 
partner cytochrome c with a rate greater than 0.1 s-1.26  
Our lab has been using a simple heme protein, myoglobin, to mimic the binuclear 
site of heme-copper oxidases. Through introduction of two histidines by Leu29His and 
Phe43His mutations, Sigman et al. were able to construct CuB site in myoglobin, so 
called CuB Mb.27,28 This protein could bind a single copper at CuB site28-30 but it can only 
perform heme oxygenation, unlike oxygen reduction to water performed by HCOs.31,32 
By introducing an additional tyrosine mutation to CuBMb, Miner et al. were able to obtain 
a functional HCO mimic.33 He has shown that even without cross-link or copper ion, 
F33Y CuB Mb showed oxidase activity, mimicking the native enzyme.33  
To explore the role of cross-link in HCO, we decided to take advantage of the 
functional HCO model we developed.28,33-36 By incorporating the cross-link into 
myoglobin, we can compare activity of our model with and without cross-link. Dr. 
Ningyan Wang proposed that an unnatural amino acid which mimics the cross-linked 
Tyr-His can be introduced into CuBMb37 using Native Chemical Ligation.38,39 This 
method, however, was discontinued due to technical difficulties. As an alternative to 
chemical ligation, amber suppression with orthogonal tRNA/aminoacyl tRNA synthetase 
has been developed to incorporate the unnatural amino acid in a site specific, high 
efficient fashion.40-42 In collaboration with Professor Jiangyun Wang from Institute of 
Biophysics, CAS, we incorporated imiTyr into myoglobin model of HCO and tested its 
activity. 
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Figure 2.2 A) Binuclear center of bovine CcO. PDB ID: 1OCC. B) Overlay of crystal structure of 
F33Y-CuBMb (yellow, PDB ID: 4FWX) and computer model of imiTyr-CuBMb (cyan). C) 
Structure of His-Tyr cross-link analogue amino acid, imiTyr. 
2.2 Materials and Methods 
All materials mentioned here are purchased from either Sigma or Fischer unless 
otherwise stated. 
To express mutant myoglobin protein imiTyr-CuBMb, pBAD-JYAMB-His29TAG33 
plasmid was co-transformed with pBK-imiTyrRS into GeneHog®-Fis or TOP10 
(Invitrogen) E. coli competent cells. Cells were amplified in LB media (5 mL) 
supplemented with kanamycin (50 g/mL) and tetracycline (15 g/mL). Starter culture (1 
mL) was used to inoculate 100 mL of liquid LB supplemented with appropriate 
antibiotics and 1 mM imiTyr. Cells were then grown at 37C to OD600 of 0.5 and protein 
expression was induced by addition of 0.2% arabinose. After 12 hours of growth at 37C, 
cells were harvested by centrifugation. Wild type or mutant myoglobin was then purified 
by Ni-NTA affinity chromatography under native condition, and further purified by size 
exclusion chromatography.28 The identity and purity of the protein was verified by ESI-
MS. (Calculated: 18460, observed: 18462) 
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Oxygen consumption was measured by using an Oxygraph Clark-type oxygen 
electrode (Hansatech Instruments) at 25°C in 20 mM 2-Amino-2-hydroxymethyl-
propane-1, 3-diol (Tris) buffer, pH 7.4. All experiments were performed in three 
replicates to obtain standard deviation. The electrode was calibrated against air-
saturated buffer and O2-depleted buffer prior to use.  Protein was exchanged to 20 mM 
Tris, pH7.4. The buffer was treated with chelex beads overnight before use. The final 
concentration of protein was adjusted to 6 μM. For experiment with Cu2+, CuSO4 was 
added to a final concentration of 6 μM and stirred for 10 min. For experiment with 
catalase, catalase (Sigma-Aldrich) was added to final concentration of 7.3 U/μL. The 
reaction is initiated by adding N,N,N',N'-Tetramethyl-p-Phenylenediamine (TMPD) and 
ascorbic acid  to  final concentrations of 0.6 mM and 6 mM, respectively. Oxygen 
concentration was monitored immediately after adding reductant. O2 consumption 
towards H2O2 production was calculated using the equation below:   
𝑘𝑅𝑂𝑆 = 2 × (𝑘𝑛𝑜−𝑐𝑎𝑡𝑎𝑙𝑎𝑠𝑒 − 𝑘𝑐𝑎𝑡𝑎𝑙𝑎𝑠𝑒) 
O2 consumption towards water production was calculated by subtracting rate 
toward H2O2 formation from total rate. 
𝑘𝐻2𝑂 = 𝑘𝑛𝑜−𝑐𝑎𝑡𝑎𝑙𝑎𝑠𝑒 − 𝑘𝑅𝑂𝑆 
For turnover experiments, the chamber was vented with pure O2 to boost O2 
concentration to 800 μM after exhaustion of O2 in the reaction. Other steps were 
performed similar to above mentioned method.  Ascorbic acid was added to maintain 
the concentration at 6 mM.   
Molecular dynamics simulation was carried out using VMD/NAMD software 
package with CHARMM force field.43 The topology of ImiTyr unnatural amino acid was 
built according to Tyr-His cross-linking in native CcO structure. 10 The parameters were 
built empirically with reference to indole, purine and other well-parameterized 
biomolecule. 
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2.3 Results and Discussion 
2.3.1 Molecular dynamics simulation of mutants with imiTyr 
To construct a protein that is well folded and functional, there are two points to 
consider. First, there should be enough room to accommodate the bulk side chain of 
imiTyr. Second, the hanging imidazolyl ring should still be able to form CuB site with the 
other two histidines. Structure of F33Y-CuBMb showed that Phe33 is a good choice due 
to its desired orientation.33 To accommodate imiTyr while keeping three 
histidine/imidazole ligands at CuB site, His43 need to be mutated to either leucine or 
alanine. Leucine is the native residue in WT Mb so it should provide better stability, and 
alanine has a small side chain to make room for bulky side chain group of imiTyr. 
(Figure 2.3) 
Molecular dynamics simulation was performed to access the effects of mutations. 
After 5ps of simulation, the CuB center of both Phe33imiTyr/His43Leu and 
Phe33imiTyr/His43Ala CuBMb resemble the CuB in native HCO site, as shown in Table 
2.1. In order to get better protein expression, His43Leu mutation was used as leucine is 
the native amino acid in myoglobin.  
Table 2.1 Distance (in Å) between Copper ion and N on imidazole ring, measured from MD 
simulated structure. 
 CcO CuB Mb F33imiTyrH43L CuBMb F33imiTyrH43A CuBMb 
Cu-N1(29) 2.194 2.801 2.225 2.133 
Cu-N2(43) 1.921 3.154 2.177 2.094 
Cu-N3(64) 1.914 4.023 2.107 2.099 
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Figure 2.3 Structure of L29H/F33ImTyrF43A Mb after 5ps of equilibration, showing CuB center 
with side chain of imiTyr and two histidines, and heme. 
2.3.2 Oxidase activity 
Initial expression, purification and characterization of imiTyr CuBMb 
(L29HF33imiTyr myoglobin) was carried out in Professor Jiangyun Wang’s lab. They 
found out the protein was expressed with 5mg/L yield from inclusion body.44 UV-vis 
spectrum of this protein is similar to that of WT myoglobin and CuBMb, indicating proper 
heme incorporation and protein folding. 
Since the hallmark of native HCOs is the clean catalytic reduction of O2 to water 
without releasing ROS, we then measured the rate at which imiTyr-CuBMb catalyzes 
oxygen reduction by using an O2 electrode in the presence of 1000 equivalents of 
ascorbic acid as the reductant and 100 equivalents of TMPD as a redox mediator. 
Similar method was previous used to measure enzymatic activity of native HCO.3 To 
differentiate between H2O2 and water production, we employed catalase, as reported by 
Miner et al.,33  which selectively reacts with H2O2 to produce O2. By comparing the rates 
of reduction in the absence and presence of catalase, the portion of O2 conversion to 
water (in blue) and to H2O2 (in red) can be calculated (Figure 2.4). Similarly, addition of 
superoxide dismutase (SOD) can allow us to find the contribution of superoxide 
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formation. Addition of SOD did not make observable difference in O2 reduction. (Data 
not shown.)  Not surprisingly, most of the O2 consumed by WT Mb converted to H2O2, 
both in the presence and absence of Cu2+. By contrast, imiTyr-CuBMb catalyzed O2 
reduction with generating less than 6% H2O2 in the presence of 1 Eq. Cu2+. In the 
absence of Cu2+, however, more than 30% of O2 was converted to H2O2, indicating that 
CuB is important for the catalytic turnover of O2 into H2O.  
Table 2.2 Rate of O2 reduction toward production of H2O and H2O2 for WT Mb, F33YCuBMb, or 
imiTyr-CuBMb. 
 WT 
Mb 
WT 
Mb+Cu 
F33Y-  
CuBMb 
F33Y-  
CuBMb+Cu 
imiTyr-
CuB Mb 
imiTyr-CuB 
Mb+Cu 
O2 consumption 
toward H2O (min-1) 
0.52 0.32  0.56 0.25  1.83 2.07 
O2 consumption 
toward H2O2 (min-1) 
1.93 2.60  0.53 1.07  0.79 0.13 
Fraction toward H2O 
production 
0.21 0.11  0.51 0.19  0.70 0.94 
         
Standard deviation  to 
H2O (min-1) 
0.32 1.16  0.22 0.25  0.44 0.63 
Standard deviation  to 
H2O2 (min-1)  
0.35 1.29  0.24 0.26  0.47 0.70 
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Figure 2.4 (A) Rates of oxygen reduction to form either water (blue) or H2O2 (red) catalyzed by 6 
μM WT Mb, F33YCuBMb, or imiTyr-CuBMb, in the presence or absence of 6 μM of Cu2+, with 
0.6 mM TMPD and 6 mM ascorbic acid as reductants. (B)  O2 reduction turnover number 
catalyzed by imiTyr-CuBMb or F33Y-CuBMb 
The myoglobin system described here provides a unique opportunity to compare 
directly the effect of His and Tyr with and without the cross-link. To take advantage this 
unique feature, we also measured O2 consumption for the 
Leu29His/Phe33Tyr/Phe43His myoglobin mutant (F33Y-CuBMb).33 This mutant harbors 
a CuB site consisting of residues His29, His43 and His64, as we have shown 
previously,28 and a Tyr residue in position 33. This Tyr however doesn’t form the cross-
link. Not only the overall activity of the F33YCuBMb was less (~40%) than imiTyr-CuBMb, 
but also more than 50% of O2 was converted to H2O2 regardless of Cu2+ addition, 
A) 
B) 
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confirming that the cross-linked Tyr-His ligand plays a critical role in selective reduction 
of O2 into H2O.  
To test if imiTyr-CuBMb is a robust O2 reduction catalyst, capable of performing 
several turnovers without self-destruction, we then measured O2 consumption under 
multiple turnover conditions. To a solution containing 6 M imiTyr-CuBMb, 6 M CuSO4 
and 800 μM O2, 0.6 mM TMPD and 6 mM ascorbic acid were added.  O2 reduction was 
then monitored by using an oxygen electrode until all the oxygen was consumed. 
Subsequently, a further addition of 800 M O2 was carried out by purging the solution 
with pure oxygen, and oxygen reduction was again measured until all the oxygen was 
reduced. These stepwise additions resulted in the multiple plateaus observed in the O2 
reduction traces (Figure 2.4B), and were repeated until imiTyr-CuBMb achieved over 
1100 turnovers (Figure 2.4B). The turnover number reported here is an underestimate 
as the extra turnovers occurring during oxygen addition were not included in the 
calculation. Notably, little decrease in O2 consumption rate was observed after the 
catalyst reached 1000 turnovers, indicating that up to this point the imiTyr-CuBMb 
catalyst remained intact. By contrast, F33Y-CuBMb underwent less than 400 turnovers 
under similar conditions. These results again support that the cross-linked Tyr-His 
ligand is required for optimal O2 reduction to H2O.   
2.4 Summary 
 In conclusion, by directly incorporating the unnatural amino acid imiTyr on top of 
myoglobin model of HCO using amber suppression method, we have successfully 
designed a functional oxidase which catalyzes selective and efficient oxygen reduction 
to water. More importantly, we have shown that the cross-linked His-Tyr is ~ 2.5 fold 
more efficient with ~ 3 fold more turnovers than the non-cross-linked His Tyr at the 
same position in the same protein. 
 Although imiTyr-CuBMb is a good functional mimic of HCO, little is known about 
structure of the protein. X-ray absorption spectroscopy could elucidate the metal site 
structure. 
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 Reaction mechanism of native HCO is well studied by rapid spectroscopy 
techniques.7,45 However, role of active site Tyr during reaction remains elusive. Building 
upon the protein model of HCO, we will further explore such question with unnatural 
amino acids, as demonstrated in Chapter 3. 
 Turnover frequency of imiTyr-CuBMb is at 0.0087 s-1, only 0.02% of slowest 
native HCO reported.4 To improve the activity of our protein model, I explored the role of 
active site residue (Tyr33) and electron transfer to the active site in Chapter 3 and 
Chapter 4, respectively. 
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Chapter 3 Tyrosine as Proton-Coupled Electron Transfer Center 
in Functional Heme-Copper Oxidase3 
3.1 Introduction 
Metal cofactors and redox-active amino acids are often involved in biological 
electron transfer. Concurrent with electron transfer, tyrosine is able to transfer proton, 
working as proton-coupled electron transfer center in water oxidation1-3, ribonucleotide 
reduction,4,5 and in engineered electron transfer process6,7.  
The opposite process of water oxidation, oxygen reduction happens in CuB site of 
heme-copper oxidase. Besides heme and copper, a conserved tyrosine also present in 
the site. Although reaction mechanism of HCO is not fully elucidated, prevailing 
hypothesis suggests that the oxygen reduction process involves in a concerted four 
electron reduction of molecular oxygen.8 During this step, active site tyrosine is 
proposed to donate one proton and one electron before converting to tyrosyl radical, 
forming PH or PM intermediate.9,10 Yu et al. have utilized rapid freeze quench EPR to 
study radical generated during O2 reduction reaction. The radical they observed was 
assigned to reductant such as ascorbic acid and dithionite.11 Proshlyakov et al. have 
used iodine to trap the radical and map it to active site tyrosine in HCO, proven a radical 
is transiently formed.12 H2O2 has been used to get P intermediate as an alternative 
route to have reduced enzyme react with O2. Radical signal generated through this 
process has been observed, but its identity and location are under controversy.13-17 
Recently, Yu et al. have used high field EPR to resolve two Tyr radical signals, one of 
which is from active site Tyr.8  
Model complexes and small protein mimics have been developed by different 
groups to better understand HCO.18-20 In particular, our group has engineered 
myoglobin into functional HCO by mimicking structure features of native enzyme.21-23 
After addition of tyrosine to active site (33 position in swMb), a previously inactive 
                                            
3 Portions of this chapter are previously published and are here reproduced with permission from 
American Chemical Society Yu, Y.; Mukherjee, A.; Nilges, M. J.; Hosseinzadeh, P.; Miner, K. D.; Lu, Y. J. 
Am. Chem. Soc. 2014. 
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version of myoglobin (CuBMb) exhibits oxidase activity.22 The essential role of Tyr in 
HCO model indicates involvement of tyrosine in oxygen reduction reaction. To better 
understand role of tyrosine in the reaction, I investigated tyrosyl radical formation in 
reaction with hydrogen peroxide and oxygen. Our experiment reveals that active site 
tyrosine forms radical in our engineered myoglobin, which shed light into the reaction 
mechanism of engineered protein and native HCO. 
Furthermore, as active site Tyr in HCO is proposed to donate an electron and a 
proton during oxidase reaction, the His-Tyr cross-link is proposed to tune the activity 
through changing properties of Tyr.24 I explored how pKa and reduction potential of 
active site Tyr in our protein model affect oxidase activity by incorporation of a series of 
unnatural amino acids.  
3.2 Materials and Methods 
3.2.1 General 
3, 5-F2Tyr was synthesized as described before.25 3-ClTyr and β,β-D2-3-ClTyr 
was synthesized from Tyr and β,β-D2-Tyr as described before.26 F33Y-CuBMb was 
recombinantly expressed and purified from E. coli as described before.22 Myoglobin with 
unnatural amino acids were expressed in E. coli and purified by affinity chromatography 
as described before.23 
ESI-MS was performed at mass spectrometry lab of School of Chemical 
Sciences and protein sciences facility at Carver center for Biotechnology at University of 
Illinois. 
3.2.2 UV-vis and EPR spectroscopic studies 
UV-vis spectra were taken on an HP diode array spectrometer or a Cary 5000 
spectrometer.  
Before react with hydrogen peroxide, protein was exchanged to 100mM 
potassium phosphate buffer at pH7 by a short Sephadex G-25 column and 20 % (v/v) of 
glycerol was added. The final concentration of protein was 250μM. One equivalent of 
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hydrogen peroxide was added into protein solution and the solution was hand-mixed 
before quenching in liquid nitrogen at 30 s.  
Before react with oxygen, F33Y-CuBMb was reduced in glove bag by sodium 
dithionite. Excess dithionite was removed by a short Sephadex G-25 column. Ferrous 
F33Y-CuBMb and oxygenated potassium phosphate buffer with 10% glycerol were 
subsequently mixed and freeze quenched in cold isopentane (-120 °C) and packed into 
an EPR tube. The estimated reaction time is 20 ms. Standard solution of TEMPO were 
prepared from solid under Ar flow. EPR spectra of TEMPO were recorded under same 
condition and used for spin counting.  
X-band EPR spectra were collected on a Varian E-122 spectrometer at the 
Illinois EPR Research Center (IERC). The samples were run at ∼30 K using liquid He 
and an Air Products Helitran cryostat. Magnetic fields were calibrated with a Varian 
NMR gauss meter, and the frequencies were measured with an EIP frequency counter. 
EPR spectra were simulated using SIMPOW6.27  Typical X-band EPR parameters for 
radical signal were as followed: microwave frequency, 9.05 GHz; power,  2mW; 
modulation amplitude, 4 G; time constant, 32ms; scan time, 60s; number of scan 
averaged, 10 to 30. For both heme and radical signal, typical parameters were as 
followed: microwave frequency, 9.05 GHz; power,  5 mW; modulation amplitude, 10 G; 
time constant, 32ms; scan time, 60s; number of scan averaged, 5. Q-band EPR spectra 
were collected on a Bruker ElexSys E-580 spectrometer equipped with an ER 5106 QT 
probe. 
EPR spectra of various power were recorded to determine power saturation 
properties of tyrosyl radical. The data were fitted with the equation28: 
𝑆 = 𝑘 × √𝑃/[1 + (22/𝑏 − 1)(𝑃/𝑃1/2)]
𝑏/2 
In the equation, S is the signal strength integrated from EPR spectra; k is a 
constant depends on experiment setup; P is the microwave power; P1/2 is the microwave 
power where the first-derivative amplitude is reduced to one-half of its unsaturated 
value; b is the relaxation factor where b equals to 1 for inhomogeneous line broadening 
and b equals to 3 for homogeneous line broadening. 
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3.3 Results and Discussion 
3.3.1 Tyrosyl radical formed in F33Y-CuBMb after H2O2 treatment 
The F33Y-CuBMb was expressed and purified as previously described.22 The 
protein contains no Cu2+ at CuB site as previously we failed observe any influence of 
Cu2+ on O2 reduction in CuBMb mutants.22 In X-band EPR spectrum, it displays a high 
spin heme signal, typical of water bounded ferric myoglobin (Figure 3.1). Upon reaction 
with one equivalent of H2O2 for 30 s when the reaction was stopped by flash freezing in 
liquid N2, the high spin heme signal decreased by 80% and a g≈2 signal grew in, 
accounting for 54% of the total protein concentration (Figure 3.2 and Table 3.1). To 
further characterize the g ≈ 2 signal, an EPR spectrum was collected in this region using 
smaller modulation at 2 Gauss. Under such condition, Dr. Arnab Mukherjee first 
observed an exquisite hyperfine structure and I further optimized condition to repeat the 
experiment. (Figure 3.4a) The radical is similar to that of tyrosyl radical reported in 
heme-copper oxidase14 and ribonucleotide reductase.25,29,30 Such signal was not 
observed in WT Mb or CuBMb under same treatment. (Figure 3.3) Although radical 
formation in Mb has been extensively studied31-34, with low concentration of H2O2 (1 
equivalence or 0.25 mM), no radical formation was observed in WT Mb. CuBMb 
displayed a radical with peak-to peak width of 25 Gauss and unresolved hyperfine even 
without H2O2 treatment. The formation of radical could be due to mixing with glycerol, 
the glassing agent, as upon mixing with glycerol, the protein turned red, which is not 
seen in WT Mb or F33Y-CuBMb. The radical from CuBMb grew larger after H2O2 
treatment. 
36 
 
 
Figure 3.1 A radical generated after F33Y-CuBMb reacted with H2O2. Black: F33Y-CuBMb 
without reaction; red: F33Y-CuBMb reacted with 1Eq of H2O2. 
 
Figure 3.2 Spin quantification using TEMPO. 
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Table 3.1 Spin quantification using TEMPO. 
Labeled Concentration/mM Actual Conc./mM Gain Area Area/Gain 
1 0.903 400 6.17E+05 1542 
0.2 0.181 2000 5.41E+05 271 
0.1 0.090 4000 4.74E+05 119 
0.05 0.045 8000 4.60E+05 58 
0.025 0.023 12500 4.75E+05 38 
F33Y-CuBMb+H2O2 0.108 4000 6.26E+05 156 
F33Y-CuBMb+O2 freeze quenched 0.015 12500 2.29E+05 18 
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Figure 3.3 X-band EPR spectra of WT Mb, CuBMb and F33Y-CuBMb in absence (black line) and 
in presence (red line) of 1 Eq. H2O2.  A) and D) are WT Mb; B) and E) are CuBMb; C) and F) are 
F33Y-CuBMb. Top lane are spectra taken over 5000 Gauss. Experiment parameters: frequency: 
9.05 GHz; power: 5 mW; gain: 2000; temperature: 30K; modulation: 10 Gauss. In bottom lane 
are spectra taken over 150 Gauss. Experiment parameters: frequency: 9.05 GHz; power: 2 mW; 
gain: 4000-12500; temperature: 30K; modulation: 4 Gauss. 
Besides tyrosine, another redox active amino acid, tryptophan, could also 
generate a radical with similar shape in X-band EPR.29,35-37 To further explore the 
identity of the radical, we collected Q-band EPR spectrum of the same sample (Figure 
3.4b). Dr. Mark Nilges performed simulation27 of both X- and Q-band spectra to extract 
g-values and hyperfine coupling constants (Figure 3.5, Figure 3.6 and Table 3.3). 
Simulation of the X- and Q-band spectra from H2O2-reacted F33Y-CuBMb (Figure 3.4 
and Figure 3.5) revealed two species. One species has well-resolved hyperfine 
structure and can be simulated as a radical split by four nuclei, presumably from 3, 5-1H 
and two β-1Hs of a tyrosine. The simulated g values of the first species, showing 
anisotropy as gx > gy > gz ≈ 2.0023, is typical of tyrosyl radicals but unlike the nearly 
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isotropic tryptophan radicals.29,30,38 The hyperfine coupling constants of this species are 
also very similar to those of a tyrosyl radical from ribonucleotide reductase (RNR) from 
E. coli (Table 3.2).29,30,38 The yield of pure radical species is 29%, comparable to the 
yield of radical in HCOs (3-20%).8,13,14 
 
Figure 3.4 X-band (a) and Q-band (b) EPR spectra of F33Y-CuBMb after H2O2 treatment. 
Experiment parameters for X-band: frequency: 9.23 GHz; power: 2 mW; gain: 4000; 
temperature: 30K; modulation: 2 Gauss. Experiment parameters for Q-band: frequency: 34.0 
GHz; power: 50 μW; temperature: 50K; modulation: 3.2 Gauss. Spectrum simulated by 
SIMPOW627 was in red dashed line. Simulated by Dr. Mark Nilges. 
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Figure 3.5 X-band (A) and Q-band (B) EPR spectra of H2O2-reacted F33Y-CuBMb, showing 
experimental spectra (black), simulated spectra (red), simulated tyrosyl radical species (blue) 
and background (magenta). Simulated by Dr. Mark Nilges using SIMPOW6.27 
Table 3.2 Simulated EPR parameters for the tyrosyl radical species in F33Y-CuBMbi and tyrosyl 
radical in RNR 
 Nucleus Ax/MHze Ay/MHze Az/MHz 
F33Y-CuBMba,b,c 3,5-1Hd 26 11 19 
β-1H 51 60 59 
β-1H 24 8 16 
RNRf,g,h 3,5-1H 27 8 20 
β-1H 61 55 58 
β-1H <6 <6 <6 
a g values of 2.0091, 2.0044 and 2.0021 were used. b Line width (peak-to-peak) of 7.5, 
4.7, 3.2 Gauss were used. c g strain of 0.0005, 0.0001 and 0.0000 were used. d Euler 
angle of [α,β,γ] = [±22°,0°,0°]38 were used. Hyperfine for 3-H and 5-H assumed 
equivalent. No significant improvement if they are allowed to be inequivalent. e The 
assignment of x versus y is arbitrary. f from ref29. g g values of 2.0091, 2.0046 and 
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2.0021 were used. h Line widths of 6.0, 6.0, 6.0 Gauss were used. i Simulated by Dr. 
Mark Nilges using SIMPOW6.27 
 
Table 3.3 Simulated EPR parameters for both species in H2O2-reacted F33Y-CuBMba  
 species fraction gx gy gz 
X-band Tyr radical 0.53 2.0091 2.0044 2.0021 
 background 0.47 2.0110 2.0118 1.9938 
Q-band Tyr radical 0.29 2.0091 2.0044 2.0021 
 background 0.71 2.0060 2.0056 2.0018 
 
 species Wx/Gauss Wy/Gauss Wz/Gauss Δgx Δgy Δgz 
X-band Tyr radical 7.5 4.7 3.2 0.0005 0.0001 0.0000 
 background 16.0 55.0 11.7    
Q-band Tyr radical 7.5 4.7 3.2 0.0005 0.0001 0.0000 
 background 11.5 76.7 14.4    
a Simulated by Dr. Mark Nilges using SIMPOW6.27 
The second species has an unresolved hyperfine structure. It is considered as 
background species. The relative intensity and breadth of this species changes in X- 
and Q-band samples, as shown in Table 3.3. The variation is probably due to different 
tube size thus change in mixing time and kinetics. However, the uncertainty in 
determining background species has minimal effect on the tyrosyl radical species. As 
shown in Figure 3.6, the simulated second derivative spectra overlaps with experimental 
spectra. As the second derivatives are more sensitive to the species with well-resolved 
hyperfine structure (the tyrosyl radical species), the good agreement between 
experimental and simulated second derivative spectra indicates the Tyr radical-like 
species is modeled well. (Figure 3.6) 
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Figure 3.6 Second derivatives of X-band (A) and Q-band (B) spectra of F33Y-CuBMb after H2O2 
treatment. Experimental spectra were in black solid line while simulated spectra were in red 
dashed line. Simulated by Dr. Mark Nilges. 
3.3.2 Power saturation behavior of the observed radical 
 Free organic radicals are readily saturated at low power, while metal associated 
radicals are much harder to saturate.39-41 For example, half-saturation power (P1/2), the 
microwave power where the first-derivative amplitude is reduced to one-half of its 
unsaturated value, of the free semiquinone radical is 0.07 mW at 90 K.42 On the 
contrary, P1/2’s of various Fe-S proteins range from 0.4 mW to >1400 mW at 12.5 K 43, 
and P1/2 of radical from Tyr115 of Bacillus cereus Ribonucleotide Reductase R2 protein, 
which is 5.6 Å from diiron center, is 0.05 mW at 20 K.44  
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Figure 3.7 Plot of relative signal vs. power and fitting for power saturation experiment at 10 K (A) 
and 30 K (B). The half saturation power is calculated to be 10 mW at 10 K and 67 mW at 30 K. 
Power saturation experiment of radical from H2O2-reacted F33Y-CuBMb were 
performed at 10 K and 30 K. The P1/2 of the radical is 10±1 mW at 10 K and 67±3 mW at 
30 K (Figure 3.7). The value is large compared with values for metal-associated Tyr 
radical reported in RNR,44-47 indicating the tyrosyl radical is strongly associated with 
metal.  
3.3.3 Tyr mutations reveal origin of radical 
Through simulated EPR parameters, the radical in H2O2-reacted F33Y-CuBMb is 
identified as tyrosyl radical. However, besides the active site Tyr (Tyr33), there are three 
other Tyr (Tyr103, Tyr146, Tyr151) in the protein. CuBMb, the mutant with the same 
amino acid sequence except a Phe instead of Tyr at 33 position, displayed a radical 
signal with unresolved hyperfine splitting. With other three Tyr in place, the lack of 
tyrosyl radical in CuBMb (Figure 3.3E) suggests Tyr33 is the origin of radical signal. 
To eliminate contribution from other tyrosine in the protein, non-active-site 
tyrosines (Tyr103, Tyr146 and Tyr151) were mutated to phenylalanine. The resulting 
protein, F33Y/Y103F/Y146F/Y151F-CuBMb displayed much weaker radical signal 
(Figure 3.8). As tyrosines were mutated to Phe, radical transfer could be different, 
resulting a weaker signal.  Simulation of radical spectrum revealed a similar radical 
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species and a stronger background species. As the only remaining Tyr in this protein is 
Tyr33, it is like that the tyrosyl radical observed in F33Y/Y103F/Y146F/Y151F-CuBMb is 
located at this residue. 
  
Figure 3.8 Experimental (black) and simulated (red) EPR spectra of A) F33Y-CuBMband B) 
F33Y/Y103/146/151F-CuBMb after H2O2 treatment. Experiment parameters: frequency: 9.05 
GHz; power: 2 mW; gain: 2000 for F33Y-CuBMb and 12500 for F33Y/Y103F/Y146F/Y151F-
CuBMb; temperature: 30K; modulation: 4 Gauss. Simulated by Dr. Mark Nilges using 
SIMPOW6.27 
3.3.4 Unnatural amino acids as probe to locate origin of radical 
Multi-frequency EPR and mutagenesis study suggests the tyrosyl radical 
observed in H2O2-reacted F33Y-CuBMb. On the other hand, using unnatural amino 
acids as spectral probes could provide direct evidence of origin of the radical. As shown 
by Stubbe and coworkers31, fluorine substitution on phenol ring introduces unique 
splitting patterns for the tyrosyl radical signal. Fluorinated Tyr could serve as a spectral 
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probe to locate origin of radical. We reason chlorinated, with ring chlorine altering 
splitting pattern of tyrosyl radical, could also function in as probe.  
In collaboration with Prof. Jiangyun Wang, we incorporated F2Tyr, ClTyr and 
Cl2Tyr into 33 position of CuBMb using amber suppression method (Figure 3.9).23 
Proteins were expressed and purified as described before (Figure 3.10).23 The UV-vis 
spectra of as-purified showed a Soret peak at 408 nm (±1 nm). Upon reduction by 
dithionite, the peaks were shifted to 431-433 nm (Figure 3.11 and Table 3.4). The 
resemblance of the spectra to that of WT Mb and F33Y-CuBMb indicates indicating that 
the overall environment around the heme center should also be similar. 
 
Figure 3.9 Active site of F33Y-CuBMb and various Tyr analogs used in this study 
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Figure 3.10 Electrospray mass spectrometry of F33ClTyr-CuBMb (top, calculated: 18418, 
observed: 18413), F33Cl2Tyr-CuBMb (middle, calculated: 18453, observed: 18457) and 
F33F2Tyr-CuBMb (bottom, calculated: 18421, observed: 18418). Mass spec of F33OMeTyr-
CuBMb (calculated: 18416, observed: 18417) was not shown here. 
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Table 3.4 UV-vis Features of myoglobin mutants with Tyr and Tyr analogs at 33 position. 
 Met Deoxy 
 Soret Extinc. Co. 
mM-1 
Vis 
feature 
Soret Extinc. 
Co. 
mM-1 
Deoxy Extinc. 
Co. 
mM-1 
F33Tyr 
CuBMb 
408 175 501, 533, 
628 
433 128 559 14.2 
F33ClY-
CuBMb 
407 160 501, 538, 
629 
431 122 558 14.0 
F33Cl2Y-
CuBMb 
407 193 501, 537, 
629 
432 141 557 16.4 
F33F2Y-
CuBMb 
409 147 500, 537, 
630 
431 114 559 14.3 
F33OMeY-
CuBMb 
407 177 501, 536, 
628 
431 127 556 15.1 
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Figure 3.11 UV-vis spectra of ferric (black trace) and deoxy (red trace) form of F33Y-CuBMb (A), 
F33ClY-CuBMb (B), F33F2Y-CuBMb (C), F33F2Y-CuBMb (D) and F33OMeY-CuBMb (E) 
respectively.  
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 Proteins with Tyr analogs were treated with H2O2 for 30 s, flash frozen in liquid 
nitrogen and EPR spectra were taken for these samples (Figure 3.8). Dr. Mark Nilges 
simulated the spectra with SIMPOW6.27 
Compared with radical spectrum from F33Y-CuBMb, the one from F33F2Y-CuBMb 
showed less splitting in the middle, while there is a doublet of doublet in the wings of the 
spectrum (Figure 3.8). Simulation of radical from F33F2Y-CuBMb gave three species 
with slightly different g values (Table 3.5). The major species gave g tensor of 2.0105, 
2.0072, and 2.0038. According to the simulation, the radical is split by four nuclei. 
Besides two with hyperfine coupling constant (hpc) similar to that of β proton, the other 
two have hpc of 36, 35, 152 MHz. The values are much larger than that of tyrosyl 
radical, but consistent with reported values for ring fluorine (15, 3, -151 MHz).30 The 
distinct hpc’s suggests that the radical is originated from F2Y, which at 33 position. 
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Figure 3.12 EPR spectrum of various myoglobin variants after reaction with H2O2. Experimental 
spectra were shown in black solid line while simulated spectra in red dashed line. Simulated by 
Dr. Mark Nilges. 
Having proven that the tyrosyl radical is originated from Tyr33 using established 
unnatural amino acid, we moved to ClY, a halogenated Tyr. As shown in Figure 3.8, 
spectrum of H2O2-reacted F33ClY-CuBMb showed triplet splitting, which resembles the 
main part of tyrosyl radical in F33Y-CuBMb, but not the fine hyperfine features. 
Simulation of the spectrum revealed two nuclei contribute to the splitting. Their hpc’s are 
consistent with one ring proton and one β proton. However, similar to fluorine, chlorine 
should induce a quadruple splitting, albeit weak, to the spectrum. The discrepancy 
between prediction and experiment can be reconciled by taking into consideration of 
both 35Cl and 37Cl isotopes, of different nuclear magnetic mements, being of natural 
abundance. The weak hyperfine coupling, quadruple splitting and natural isotopes 
together contribute to line broadening and unresolvable spectra feature. As a result, 
contribution from Cl was not observable in this experiment. Although ClY lacks 
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distinctive spectroscopic features as F2Y, by comparing to the spectrum of F33Y-CuBMb, 
it is clear that the radical is originated from 33 positions. 
Table 3.5 Simulated EPR parameters.b 
Amino acid Species Ratio gx gy gz nucleus Ax/MHz Ay/MHz Az/MHz 
Tyrosine 1 0.18 2.0067 2.0048 2.0026 3,5-Ha 20 14 16 
      β-1H 63 53 79 
 2 0.82 2.0130 2.0057 1.9970 - 0 0 0 
3,5-F2Y 1 0.30 2.0105 2.0072 2.0038 3,5-Fa 35 16 153 
      β-1H 63 53 79 
      β-1H 22 23 16 
 2 0.04 2.0067 2.0048 2.0026 3,5-Fa 20 14 16 
      β-1H 63 53 79 
 3 0.67 2.0170 2.0007 2.0040 3,5-Fa 36 35 152 
      β-1H 57 33 56 
      β-1H 15 29 13 
3-ClY 1 0.23 2.0135 2.0030 2.0034 3-Cl 0 0 0 
      5-H  24 16 9 
      β-1H 56 34 84 
  0.77 2.0105 2.0091 1.9987 - 0 0 0 
β,β-D2-3-ClY 1 0.39 2.0135 2.0030 2.0034 3-Cl 0 0 0 
      5-H 0 0 0 
      β-2H 9 5 13 
      β-2H 4 2 1 
 2 0.61 2.0105 2.0091 1.9987 - 0 0 0 
a. Euler angles of α = ±22º were used.38 b Simulated by Dr. Mark Nilges. 
 Table 3.6 Line widths used in EPR simulation. 
Amino acid Species Wx/Gauss Wy/Gauss Wz/Gauss 
Tyrosine 1 4 4 4 
 
2 58 16 47 
3,5-F2Tyr 1 4 4 4 
 
2 4 4 4 
3 8 25 12 
3-ClY 1 11 4 13 
  
82 5 12 
β,β-D2-3-
ClY 1 11 4 13 
 
2 82 5 12 
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Besides halogen atom, substitution of proton with deuteron30  could also induce 
change of hyperfine splitting pattern. Isotope-labelled amino acids are often used as a 
spectral probe. 48-50 Such amino acids are usually added in restricted medium to replace 
a certain type of amino acids49, thus unable to take a site-specific approach.  Isotope-
labelled amino acids have been incorporated into protein in a site-specific manner by 
methods mentioned in Chapter 1, such as native chemical ligation30,51,52, expressed 
protein ligation53,54, and amber codon suppression55-57. However, there is no EPR probe 
incorporated into protein using amber codon suppression method. As ClY can be 
synthesized from Tyr in one step simple transformation26,58 with high yield (~ 90 %) and 
incorporated into protein efficiently with evolved tRNA/aaRS, it is a good handle for site-
specific incorporation of isotope-labelled amino acids. 
 β, β-D2, 3-ClTyr (D2ClY) was synthesized from β,β -D2Tyr in one step with 45% 
yield in a small scale reaction (100 mg). The unnatural amino acid was incorporated into 
myoglobin using tRNA/aaRS for ClY, to give F33D2ClY-CuBMb. The identity of the 
protein was verified by high resolution mass spectrometry. 
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Figure 3.13 ESI-QToF mass spectrometry of F33ClY-CuBMb (top) and F33D2ClY-CuBMb 
(bottom). F33ClY-CuBMb, calculated: 18419 observed: 18419; F33D2ClY-CuBMb calculated: 
18421 observed: 18421. 
H2O2-reacted F33D2ClY-CuBMb showed singlet without observable feature 
(Figure 3.12 and Table 3.5). The drastic change compared to the spectra of F33Y-
CuBMb and F33ClY-CuBMb suggests tyrosyl radical resides on the 33 position. 
Simulation of the radical is consistent with existence of two deuteron at β position, which 
give small hpc’s. As a result, the Deuteron-label is incorporated into protein in a site-
specific manner through ClY. This method can be general applied for different isotopes. 
 Afterall, incorporation of halogenated and/or deuterated unnatural amino acids 
into 33 position induced changes in radical spectra generate through reaction with H2O2. 
Simulation of the radical spectra is consistent with introduction of halogen/deuteron 
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substation to tyrosyl radical. The result clearly indicates tyrosyl radical observed in H2O2 
reaction resides on Tyr33. 
Using EPR, we have observed a tyrosyl radical in the reaction of the ferric F33Y-
CuBMb with H2O2. Simulation of the radical EPR spectra collected at both X- and Q-
band showed it is consistent with a tyrosyl radical signal, while control experiments 
using WT Mb, CuBMb and mutations of other tyrosines in the protein suggest that Tyr33 
is the active site Tyr involved in the radical formation. Spectra changes caused by 
replacing Tyr33 with unnatural amino acids further confirmed that the tyrosyl radical is 
from Tyr33. These together established that a tyrosyl radical is generated in F33Y-
CuBMB in H2O2 reaction. There are a number of reports of tyrosyl radical generation in 
H2O2 reaction in native HCOs13-15,17,59,60. The total conversion of radical species is 7-20% 
in these studies, which is much lower than what we observed. The recent tyrosyl radical, 
reported by Yu et al., has much narrower spectrum (12 G) compared to the ones we 
got.8 The difference comes from the fact that His-Tyr cross-linking could alter the 
splitting pattern, as well as the orientation of Tyr are different between F33Y-CuBMB 
and bovine CcO. We are also very interested in the radical formation in imiTyr-CuBMb, 
as the imiTyr unnatural amino acid better mimics cross-linked Tyr.  
3.3.5 Tyrosyl radical generated in F33Y-CuBMb after reaction with O2 
After demonstrating Tyr radical formation in the “peroxide shunt” pathway, we 
investigated whether the Tyr radical can form during O2 reduction reaction. Deoxy-
F33Y-CuBMb was mixed with O2 saturated buffer using a rapid freeze quench apparatus 
to trap reaction intermediate at ~20 ms. An EPR spectrum was then collected and 
compared with the corresponding oxidized protein (Fe(III)-F33Y-CuBMb) treated with 
H2O2. As shown in Figure 3.14 and Figure 3.15, the radical signal of the freeze-
quenched sample from direct O2 reduction is similar to that from H2O2 reaction, with 
similar hyperfine splitting pattern. The highly specific hyperfine splitting pattern suggests 
the same tyrosyl radical is generated through O2 reduction reaction. The observed 
signal at the shortest time point (20 ms) of freeze quench represents ~ 7 % of total 
protein based on spin quantification (Figure 3.2 and Table 3.1). 
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Figure 3.14 EPR spectra of F33Y-CuBMb reacted with H2O2 and O2. 
 
Figure 3.15 EPR spectra of ferrous F33Y-CuBMb with or without treatment of O2, ferric F33Y-
CuBMb and O2 bound WT Mb. Experiment parameters for X-band EPR: frequency: 9.05 GHz; 
power: 2 mW; gain: 12500; temperature: 30K; modulation: 4 Gauss.  
The direct observation of tyrosyl radical under reaction condition, together with 
observation of tyrosyl radical under H2O2 reaction condition, indicate the active site of 
F33Y-CuBMb directly involves in O2 reduction reaction, by donating an electron and a 
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proton. In native HCO, although such a radical is not directly observed11, peptide 
mapping has been used to trace radical generated in O2 reduction reaction to active site 
Tyr.12 Compared with native HCOs, which have activity from 50 s-1 to ~ 1000 s-1,61,62 the 
model system has much lower activity (0.09 s-1 for F33Y-CuBMb).22 The low activity may 
indicate the intermediate with radical is generated at a longer time scale and is not as 
easily quenched, helping us to capture the radical. 
3.3.6 pKa and reduction potential of Tyr affect oxidase activity 
 Mutagenesis studies have shown that active site Tyr is essential for oxidase 
activity.63,64 The activity is further modulated by pKa of Tyr. Studies of model complexes 
have suggested that the cross-link could lower pKa of phenol to stabilize tyrosine radical 
and anion, increasing oxidase activity.24,65 
As Tyr is directly involved in oxygen reduction reaction, it is of great interest to 
see if the properties of Tyr affect oxidase activity of our protein model. We successfully 
incorporated a series of Tyr analogues into 33 position of F33Y-CuBMb. These 
unnatural amino acids, as shown in Figure 3.16, Table 3.7, and Table 3.8, have24,65 a 
range of pKas and redox potentials. 
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Figure 3.16 pKa of Tyr and Tyr analogs 
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Table 3.7 Experimental and predicted pKa of phenols. 
  Experimental pKa Predicted pKa* amino acid pKa 
phenol 9.77±0.01 9.86±0.13 Tyr 9.81±0.03 
2-chlorophenol 8.25±0.02 8.50±0.10 ClY 8.08±0.03 
2, 6-dichlorophenol 6.49±0.02 7.02±0.10 Cl2Y 6.28±0.02 
2-methoxyphenol 9.57±0.01 9.97±0.10 OMeY 9.90±0.03 
2,6-Difluorophenol 7.45±0.10 6.8 F2Y 7.59±0.11 
Im-PhOH# 8.6    
* Values were calculated with the use of Advanced Chemistry Development (ACD/Labs) 
Software V8.14 for Solaris (© 1994–2009 ACD/Labs). 
# from ref 24 
Table 3.8 Peak potential (Ep in mV vs. NHE) of amino acids at different pH measured by CV or 
reported previously. 
 pH 7 pH 13 
Tyr 941±5 672±1 
ClY 847±1 734±3 
Cl2Y 832±1 808±1 
OMeY 779±14 480±1 
F2Y * 782 655 
* Reported in ref66 
We then measured the rates of oxygen reduction catalyzed by 6 μM myoglobin 
mutants with an O2 electrode in 20 Tris buffer at pH 7.4. Ascorbic acid (1000 
equivalents) and TMPD (100 equivalents) were used as reductant and redox mediator 
respectively.24 To differentiate between reactive oxygen species (ROS) and water 
products, we used catalase and superoxide dismutase (SOD), which catalyzed the 
disproportionation of hydrogen peroxide or superoxide into oxygen and water. If O2 
consumption results in the formation of ROS but not water, the O2 reduction rate should 
decrease in the presence of catalase and SOD, because they will convert ROS to O2. 
By comparing the rates of reduction in the presence and absence of ROS scavenger, 
the portion of O2 reduction due to water formation (in blue) and due to ROS formation 
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(in red) can be calculated (Figure 3.17 and Table 3.9). Our results show that F33Y-
CuBMb was able to reduce O2 at a rate of 6.5 μM/min, with 51% of O2 being converted 
into water.  In contrast, F33OMeYCuBMb exhibited significant higher oxidase activity at 
15.0 μM/min for O2 reduction, 82% of which was converted to water. Since the pKa of 
OMeY is similar to that of Tyr, the lower redox potential of OMeY should be responsible 
for increased oxidase activity and O2 reduction selectivity of F33OMeYCuBMb.  
Table 3.9 Rate of oxygen reduction for different proteins. 
O2 consumption (μM min-
1) 
to 
H2O 
to 
H2O2 
fraction of 
H2O 
error to 
H2O 
error to 
H2O2 
WT Mb 3.1 11.6 0.21 1.9 2.1 
Phe33Tyr-CuBMb 3.4 3.2 0.51 1.3 1.4 
Phe33ClY-CuBMb 4.3 4.3 0.50 0.15 0.15 
Phe33Cl2Y-CuBMb 6.8 1.9 0.78 1.0 1.1 
Phe33F2Y-CuBMb 6.1 1.8 0.77 0.8 0.8 
Phe33OMeY-CuBMb 12.3 2.7 0.82 1.8 2.0 
 
 
60 
 
 
Figure 3.17 Rates of oxygen reduction to form either water (blue) or ROS (red) catalyzed by 
6μM of WT Mb, Phe33Tyr-CuBMb, Phe33ClY-CuBMb, Phe33Cl2Y-CuBMb, Phe33F2Y-
CuBMbor Phe33OMeY-CuBMb. 
The mutants F33ClY-CuBMb, F33Cl2Y-CuBMb and F33F2Y-CuBMb displayed 
higher activity at 4.26 μM/min, 6.78 μM/min, and 6.12 μM/min, respectively, while 
F33YCuBMb displayed rate of 3.10 μM/min for converting O2 to H2O. Since the 
reduction potential of Tyr, ClY, F2Y and F3Y at pH7 are similar, and that oxidase activity 
increases as the pKa of the side chain of residue 33 increases, these results indicate 
that the lower pKa and enhanced proton donation ability of residue 33 are important for 
O2 reduction. 
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Figure 3.18 The oxidase activities of proteins are correlated with pKa of Tyr. (R2 = -0.979) 
To further demonstrate the robustness of the best oxidase-mimicking enzyme, 
F33OMeYCuBMb, we carried out multiple turnover experiment (Figure 3.19). The 
F33OMeYCuBMb was able to catalyze O2 reduction for more than 1100 turnovers 
without significant reduction of catalytic rate. Under similar conditions, F33Y-CuBMb 
could only catalyze the reaction for less than 500 turnovers.19  
 
Figure 3.19 O2-reduction turnover number by Phe33OMeY-CuBMb measured during the 
stepwise addition of O2. 
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3.4 Summary  
In summary, using EPR, we have observed a tyrosyl radical not only in the 
reaction of the ferric F33Y-CuBMb with H2O2, but also in the reaction of the ferrous 
F33Y-CuBMb with O2. Simulation of the radical EPR spectra collected at both X- and Q-
band showed it is consistent with a tyrosyl radical signal, while control experiments 
using WT Mb, CuBMb and mutations of other tyrosines in the protein established that 
Tyr33 is the active site Tyr involved in the radical formation. Unnatural amino acids 
incorporation proved the tyrosyl radical is located at the 33 position. The direct 
observation of the tyrosyl radical in a functional oxidase model provides a strong 
support of the role of such radical in the oxidase reaction mechanism and thus fills an 
important missing piece in the puzzle of HCO bioenergetics. 
As Tyr provides an electron and a proton in the reaction, we further explored how 
the properties of Tyr, such as pKa and redox potential, tune the activity of protein model. 
Through incorporation of a series of Tyr analogues with different pKa and redox 
potential, we found lower pKa and higher redox potential of Tyr facilitate reaction. These 
results demonstrate that the proton and electron donating ability of a tyrosine residue in 
the active site is important for HCO function. 
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Chapter 4 Improve Oxidase Activity by Engineering Electron 
Transfer Pathway 
4.1 Introduction 
 The binuclear center of heme-copper oxidases catalyzes the reaction combining 
protons and electrons to form water.1-3 For efficient reaction, electrons and protons are 
relayed to binuclear center through well-aligned cofactors or residues. On the electron 
transfer pathway, there are a series of metal cofactors. For mammalian A-type oxidases, 
electrons from cytochrome c are first transferred to CuA, then to a low spin heme 5.4 Å 
away (measured from heme edge to heme edge) from binuclear center, finally to the 
reaction center.  
 
Figure 4.1 Cofactors involved in electron transfer in (A) aa3 oxidases from Bos taurus (PDB ID: 
2OCC4), (B) cbb3 type oxidases from Pseudomonas stutzeri (PDB ID: 3MK7
5) and (C) 
engineered electron transfer pathway from NADH to Mb (PDB ID: NADH- cyt b5 reductase 
1IB0;6 cyt b5 1CYO;
7 F33Y-CuBMb 4FWY
8) 
Nature evolves an efficient electron transfer process in HCO to fuel the fast O2 
reduction reaction at binuclear center. Electron transfer between cyt c and CuA is the 
only intermolecular electron transfer process. The protein-protein interaction is mediated 
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by electrostatic interactions, via positive charge from Lys on cyt c and acidic patch on 
subunit II of HCO. Using Ru labeled cyt c, Geren et al.  have measured the electron 
transfer rate to CuA in bimolecular complex, which stands at (6 ± 2) × 104 s-1 9. The rate 
is consistent with result from docking simulation.10 At the same time, the bimolecular 
rate constant of this step is (1.7 ± 0.2) × 108 M-1 s-1.9 
Although heme a and heme a3 are both 12 Å away from CuA, electron from CuA 
preferentially relays to heme a, mainly due to the high reorganization energy associated 
with CuA -> heme a3 electron transfer process.11,12 The electron transfer between CuA 
and heme a operates at a remarkable (2-10) × 104 s-1 rate with small driving force (-50 
mV).13-17 While electron transfer from heme a to heme a3 is strongly coupled to proton 
transfer, flash photolysis was used to determine time constant of electron transfer in 
reverse direction. The time constant is about 3 μs, indicating fast electron transfer.18,19 
While native HCOs have efficient electron transfer system, electron transfer from 
ascorbic acid via TMPD to engineered Mb is slow and could be the rate limiting step in 
the O2 reduction reaction. A more efficient electron transfer system is needed to further 
increase activity of our model protein. Cyt b5 is physiological electron donor for Mb.20,21 
The oxidized cyt b5 is reduced by NADH through NADH-cyt b5 reductase. 20,22 The 
physiological electron transfer pathway could potential increase electron transfer rate to 
Mb. 
As Mb is not oxidized frequently under physiological condition, interaction of cyt 
b5 and Mb is not strong enough for fast electron transfer. Hoffman and coworkers have 
converted three negative-charged amino acids to positive-charged amino acids in 
myoglobin to increase interaction between cyt b5 and Mb.23-27 As a result, electron 
transfer between cyt b5 and Mb is greatly enhanced to ~109 s-1.26 In this work, I 
combined physiological relevant electron transfer pathway involving NADH-cyt b5 
reductase, cyt b5, and Mb with mutations in Mb to build an electron relay to Mb model of 
HCO (Figure 4.1C), in order to increase its O2 reduction activity. 
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4.2 Materials and Methods 
4.2.1 Gene construction 
Gene of soluble part of bovine cyt b5 and gene of NADH-cyt b5 reductase were 
provided by Dr. Jiangyun Wang. Both genes were subcloned to pET22b plasmid with C-
terminal His-tag. 
D44K, D65K, E80K mutations were introduced into WT Mb, CuBMb, F33Y-
CuBMb and G65Y-CuBMb by site-directed mutagenesis with following primers:  
D44K-f:   5'-GAA ACT CTG GAA AAA CAC AAA CGT TTC AAA CAT CTG AAA  
D44K-r: 5'-TTT CAG ATG TTT GAA ACG TTT GTG TTT TTC CAG AGT TTC 
D60K-f: 5'-GAA ATG AAA GCT TCT GAA AAA CTG AAA AAA CAT GGT GTT  
D60K-r: 5'-AAC ACC ATG TTT TTT CAG TTT TTC AGA AGC TTT CAT TTC 
E85K-f: 5'-GGG CAT CAT GAA GCT AAA CTC AAA CCG CTT GCA C 
E85K-r: 5'-GTG CAA GCG GTT TGA GTT TAG CTT CAT GAT GCC C 
These protein were termed Mb(+6), CuBMb(+6), F33Y-CuBMb(+6) and G65Y-
CuBMb(+6) following Hoffman’s convention.26 
4.2.2 Protein expression and purification 
Plasmid with NADH-cyt b5 reductase gene was transformed into BL21 (DE3) 
competent cells (NEB). Cultures of E. coli BL21 (DE3) cells containing the plasmid to 
express NADH-cyt b5 reductase were grown in LB media for 8 h at 37 ºC and used to 
inoculate 2 L flasks of LB media containing 100 mg/mL ampicillin. The cells were grown 
at 37 ºC for 16 h with shaking at 210 rpm, following 4 h induction with 1 mM Isopropyl β-
D-1-thiogalactopyranoside (IPTG, GoldBio Technology, St. Louis, MO) and harvested at 
9000 x g.  
The harvested cell paste was re-suspended in a lysis buffer containing 50 mM 
NaH2PO4, 10 mM imidazole, pH 8.0, 300 mM NaCl (50 mL). The suspension was then 
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lysed using sonication (Misonix Sonicator 4000, 0.5 inch diameter probe) for a work 
time of 6 min (6 sec. on, 10 sec. rest). The crude lysate was centrifuged at 20,000 x g 
for 30 min. The supernatant was incubated with Ni-NTA resin (5 mL, QIAGEN) for 0.5 h. 
Ni-NTA resin was washed with lysis buffer (10 mL) and protein was eluted with 
imidazole gradient. Fractions with target protein were pooled together and loaded unto 
size-exclusion column with Sephacryl S-100 resin (GE lifescience) for further 
purification. The identity and purity of the purified protein was verified by ESI mass 
spectrometry (calculated: 31671, observed: 31682). 
Plasmid with cyt b5 gene was transformed into BL21 (DE3) competent cells 
(NEB). Cultures of E. coli BL21 (DE3) cells containing the plasmid to express cyt b5 
were grown in LB media (50 mL) for 16 h at 37 ºC and used to inoculate 2 L flasks of LB 
media containing 100 mg/mL ampicillin. The cells were grown at 37 ºC for 8 h with 
shaking at 210 rpm, following 16 h induction with 1 mM IPTG and harvested at 9000 x g. 
cyt b5 was purified by Ni-NTA column similar to NADH-cyt b5 reductase, or using ion 
exchange chromatography 28,29 before final size-exclusion chromatography. Identity and 
purity of the purified protein was verified by ESI mass spectrometry (calculated: 12860, 
observed: 12862). 
Plasmids with various Mb genes were transformed into BL21 (DE3) competent 
cells (NEB). Cultures of E. coli BL21 (DE3) cells containing the plasmids to express Mb 
were grown in LB media (50 mL) for 16 h at 37 ºC and used to inoculate 1 L flasks of TB 
media (tryptone, 12 g, yeast extract, 24 g, glycerol 0.4 mL in 1 L H2O with 0.017 M 
KH2PO4, 0.072 M K2HPO4) containing 100 mg/mL ampicillin. The cells were grown at 37 
ºC for 8 h with shaking at 210 rpm, following 16 h induction with 1 mM IPTG and 
harvested at 9000 x g.  
Mb (+6) was expressed solubly. Purification of Mb (+6) was based on protocol 
developed by Hoffman group with modification.27 The cell pellet was resuspended  in 50 
mL of lysis buffer (10 mM Tris-HCl, 1 mM EDTA, 0.1% Triton X-100, and a few crystals 
of phenylmethylsulphonyl fluoride (PMSF), pH 8.0), and lysed by sonication. The crude 
lysate was centrifuged at 20,000 x g for 30 min. The supernatant was incubated with 20 
mL Sepharose CM resin (GE lifescience) pre-equilibrated with 20 mM Tris, pH 8.0 for 
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10 min. The resin was washed on a coarse frit with 20 mM Tris, pH 7.2 (50 mL). Protein 
was eluted by 20 mM Tris, 200 mM KCl, pH 8.0 (50 mL). The protein was concentrated 
to 8 mL and exchanged to potassium phosphate buffer. It is further purified by size-
exclusion chromatography (Sephacryl S-100, GE lifescience). The identity and purity of 
protein was verified by ESI-MS. 
Other Mb mutants, including CuBMb (+6), F33Y-CuBMb (+6) and G65Y-CuBMb 
(+6), were purified based on a modified inclusion body protocol. 8,30 Cell pellet was 
lyzed as Mb (+6). After centrifugation, the pellet was collected, resuspended and 
washed twice with H2O to remove Triton X-100 and remaining nucleic acid. The pellet 
was then resuspended in 50 mL of 7M guanidine hydrochloride (GuHCl) and sonicated 
until complete solubilization.  
After denaturation, the protein was refolded in the presence of heme. A hemin-
CN stock solution containing 25 mg KCN and 7.5 mg hemin in 5 mL H2O was added 
fast with stirring to 500 mL of cold H2O. The solution was allowed to stir for ~10 min. 
Then the protein/GuHCl solution was added dropwise to the hemin-CN solution and 
allowed to stir for ~1 h after the last addition. The solution was centrifuged at 9000 x g 
for 30 min to remove precipitant. The red/orange supernatant (~500 mL) was then 
dialyzed against 12 L of 20 mM Tris, pH 7.2 overnight. 
The protein solution was centrifuged at 9000 x g for 30 min to remove precipitate. 
The supernatant was incubated with pre-equilibrated Sepharose CM resin for 10 min. 
The resin was filtered out by a coarse frit and washed with 20 mM Tris, pH 8.0 (50 mL). 
Protein was eluted by 20 mM Tris, 200 mM KCl, pH 8.0 (50 mL). The protein was 
concentrated to 8 mL and exchanged to potassium phosphate buffer. It is further 
purified by size-exclusion chromatography. The identity and purity of protein was 
verified by ESI-MS (F33Y-CuBMb (+6), calculated: 17386.3, observed: 17393.0; G65Y-
CuBMb(+6), calculated: 17476.4, observed: 17484.0). 
4.2.3 Stopped flow UV-vis absorbance 
Experiments were performed on an Applied Photophysics Ltd. (Leatherhead, 
U.K.) SX18.MV stopped-flow spectrometer equipped with a 256 element photodiode 
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array detector. Two-syringe mixing was employed to mix equal volumes of ferrous cyt b5 
with myoglobin in 5 mM pH 6 potassium phosphate buffer anaerobically. The instrument 
was prepared for anaerobic stopped-flow by rinsing its lines out several times with 
buffer that had been degassed by bubbling argon gas through it. Special glass outer 
syringes fit with Teflon stoppers into which an argon line was run maintained an oxygen 
free environment. The proteins were degassed under Schlenk line and transferred into 
glovebag, where they were transferred into syringes. The syringes were sealed, 
transferred out and mounted unto stopped-flow instrument under argon flow. All 
reported data sets originally consisted of 1000 spectra collected over 1 to 500 s using 
logarithmic sampling. The integration period and minimum sampling period were both 1 
ms. A water bath, connected to the syringe compartment and set to 25 °C, provided 
temperature control.  
4.2.4 O2 consumption assay 
O2 consumption was measured by using an Oxygraph Clark-type oxygen 
electrode (Hansatech Instruments) at 25°C or 37°C in 5 mM potassium phosphate 
buffer, pH 6.0. All experiments were performed three times to obtain standard deviation. 
The electrode was calibrated against air-saturated buffer and O2-depleted buffer prior to 
use.  Protein was exchanged to 5 mM potassium phosphate buffer, pH 6.0. The buffer 
was treated with chelex beads overnight before use. The final concentrations of 
myoglobin, cyt b5 and NADH-cyt b5 reductase were adjusted to 50 nM, 5 μM and 0.64 
μM based on Soret absorption of Mb and cyt b5, and absorption of FAD in NADH-cyt b5 
reductase.  
 
4.3 Results and Discussion 
4.3.1 UV-vis spectroscopy of proteins 
 NADH-cyt b5 reductase was purified with metal affinity and size exclusion 
chromatography. UV-vis spectrum of as-purified protein showed absorption at 390, 460 
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and 490 nm, corresponding to absorption of FAD. Upon reduction by dithionite, the 
peaks disappear with another much lower absorption peak at 420 nm.  
 
Figure 4.2 UV-vis spectra of as-purified (black) and reduced (red) NADH-cyt b5 reductase. 
 Cyt b5 exhibited a Soret peak at 413 nm with visible peaks at 530 nm and 561 
nm. Upon reduction, the Soret was moved to 423 nm with increased intensity. The 
visible peaks had increased intensity as well. The spectra are typical of cytochromes.  
 
Figure 4.3 UV-vis spectra of ferric (black) and ferrous (red) cyt b5. 
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4.3.2 Size exclusion chromatography to determine protein-protein interaction 
 As introducing three Lys mutations in Mb are shown to increase electrostatic 
interaction between cyt b5 and Mb26, we tried to compare interaction between F33Y-
CuBMb and cyt b5, and between G65Y-CuBMb(+6) and cyt b5 by size exclusion 
chromatography. 
 
Figure 4.4 Analytical size-exclusion chromatography of engineered Mb and cyt b5. 
As shown in Figure 4.4, F33Y-CuBMb, G65Y-CuBMb(+6) and cyt b5 were eluted 
at 32 min, 37 min, and 25 min, respectively. After mixing F33Y-CuBMb, G65Y-CuBMb(+6) 
with cyt b5 in 1:1 ratio and passing the mixture through the same column, there were 
two peaks on chromatogram, corresponding to cyt b5 and Mb. The fractions 
corresponding to each peak were collected and submitted to mass spectrometry. Mass 
spec confirmed that neither F33Y-CuBMb nor G65Y-CuBMb(+6) was co-eluted with cyt 
b5.  
The association constant between Zn-protoporphyrin substituted Mb and cyt b5 
was 350 M-1, as determined by Isothermal titration calorimetry.23 After introducing three 
Lys into Mb, the Ka was increased by 10-fold.25 Since the affinity between the two 
proteins is not high enough, it is not surprising that size exclusion chromatography 
cannot detect the interaction. 
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4.3.3 Stopped-flow for electron transfer between cyt b5 and Mb 
 To directly evaluate electron transfer rate between Mb and cyt b5, kinetics of 
reaction between ferrous cyt b5 and ferric Mb were studied by Stopped-flow 
spectroscopy. Stoichiometric amount of G65Y-CuBMb/ G65Y-CuBMb(+6) and cyt b5 
were mixed anaerobically and the spectra were recorded.  
 
Figure 4.5 Stopped-flow UV-vis absorption spectra of A) 5 μM ferrous cyt b5 and 5μM  G65Y-
CuBMb over 50 s, B) 5μM ferrous cyt b5 and 5μM G65Y-CuBMb(+6) over 10 s. Fittings by 
SPECFIT gave first order rate constants of  0.032±0.009 s-1 and 5.5±0.1 s-1, respectively.  
As shown in Figure 4.5, the 530 nm and 561 nm peaks lowered over time, 
indicating that cyt b5 was oxidized. Fitting of spectra from 500 to 1000 nm gave first 
order rate constants of 0.032±0.009 s-1 and 5.5±0.1 s-1, for G65Y-CuBMb/cyt b5 and 
G65Y-CuBMb(+6)/cyt b5, respectively.  G65Y-CuBMb(+6)/cyt b5 exhibited more than 100-
fold increase in electron transfer rate compared to G65Y-CuBMb/cyt b5, confirming 
introduction of three Lys into Mb facilitates the electron transfer between Mb and cyt b5. 
The electron transfer rate constant of G65Y-CuBMb(+6)/cyt b5 (5.5 s-1) is much 
lower compared with that in native HCO (>104 s-1) and Zn-Mb/cyt b5 (109 s-1). In native 
HCO and Zn-Mb/cyt b5 systems, electron transfer happens intra-molecularly or in 
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preformed complex. In of G65Y-CuBMb(+6)/cyt b5, electron transfer complex is not pre-
formed, which could explain the small rate constant measured.  
4.3.4 Oxidase activity 
 After confirming electron transfer is fast between Mb(+6) mutants and cyt b5, we 
tested O2 consumption of this system. As shown in Figure 4.1C, NADH was added as 
electron donor. The electrons transfer to cyt b5 through NADH- cyt b5 reductase. 
Ferrous cyt b5 in turn oxidizes engineered Mb. For the Mb mutant, based on previous 
study, G65Y-CuBMb gives better activity than F33Y-CuBMb, while WT Mb 
generates >95% ROS during reaction.8   
   
 
Figure 4.6 O2 consumption of F33Y-CuBMb(+6), G65Y- CuBMb(+6), and Mb(+6). Typical 
condition: 1 mM NADH, 0.16 μM NADH-cyt b5 reductase, 5 μM cyt b5, 0.25 μM F33Y-CuBMb(+6) 
and G65Y- CuBMb(+6), 0.025 μM Mb(+6). 
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 As shown in Figure 4.6, F33Y-CuBMb(+6) displayed an oxygen consumption rate 
of 6.3 s-1, and G65Y- CuBMb(+6) has higher activity at 22.6 s-1 while the mutants without 
three Lys had negligible activity at the same condition. For comparison, the highest O2 
consumption rate from Mb mutants with ascorbic acid/TMPD as reductants is 0.078 s-1. 
The large increase of O2 consumption rate indicates efficient electron transfer is 
important for oxidase reaction.   
Surprisingly, the control, Mb(+6) gave an even higher rate of 89 s-1. As shown 
previously, WT Mb consumes O2 using ascorbic acid/TMPD as reductant, but the 
product is mostly ROS.8 We are working on determining the product of O2 reduction in 
the system. 
Working with Cui Chang in the lab, we optimized reaction condition to further 
improve rate of O2 consumption. As shown in Figure 4.7, at 37 °C with higher amount of 
NADH and NADH-cyt b5 reductase, G65Y-CuBMb(+6) displayed an oxygen 
consumption rate of 52 s-1, similar to the native enzyme.  
 
 
Figure 4.7 Oxidase activity of G65Y-CuBMb(+6) under optimized condition, in comparison with 
that of cbb3 oxidase from Vibrio cholera at similar condition. The arrow indicates the time when 
the enzyme was added and the activity is determined by the slope of O2 consumption. Reaction 
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condition for G65Y-CuBMb(+6): 37 °C, 2 mM NADH, 0.64 μM NADH-cyt b5 reductase, 5 μM cyt 
b5, 0.05 μM G65Y- CuBMb(+6). Reaction condition for cbb3 oxidase: 37 °C, 5 mM ascorbic acid, 
0.5 mM TMPD, 100 μM cyt c, 0.05 μM cbb3 oxidase. Vibrio cholera cbb3 oxidase provided by Dr. 
Hanlin Ouyang and Prof. Robert Gennis.  
4.4 Summary 
 In summary, we used NADH-cyt b5 reductase and cyt b5 to relay electrons to the 
engineered Mb. The protein-based electron transfer enhances electron transfer rate by 
more than 100 fold.  O2 consumption of engineered Mb, G65Y-CuBMb(+6) was shown 
to be close to that of native HCO. The result indicates efficient electron transfer is 
important for oxidase activity. We will investigate the product of reaction by the system.  
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Chapter 5 Explore the Role of Equatorial His in Redox Potential 
Tuning of Azurin4 
5.1 Introduction 
5.1.1 Type 1 copper proteins 
Copper is the second most abundant transition metal in biological systems, next 
to iron.1 As a diverse family of proteins, copper proteins could be divided into several 
types based on ligand sets, spectroscopic features and functions.2,3 Mononuclear Type 
1 (T1) copper centers and dinuclear CuA centers are the two types mainly responsible 
for copper-mediated electron transfer.  
There are around 20 proteins identified so far carrying T1 copper centers, 
including single domain proteins, multi-domain proteins with only T1 centers or in 
coexistence with other copper centers (Table 5.1 and Figure 5.1). These proteins 
transfer electrons in important biological processes such as photosynthesis4,5, 
respiration6, and nitrogen metabolism7.  Despite variance in structure, amino acid 
sequence, redox potential and redox partners (Table 5.1), T1 copper proteins have 
unique spectroscopic properties, which differentiate them from other types of copper 
protein.8,9 These properties includes strong absorption at ~625 nm and small hyperfine 
splitting values. Besides these features, T1 copper protein also share the cupredoxin 
scaffold, and have a conserved ligand set. 10-13 
 
 
  
                                            
4 Portions of this chapter are previously published and are here reproduced with permission from Elsevier 
for Wilson, T. D., Yu, Y., and Lu, Y. (2012) Understanding Copper-thiolate Containing Electron Transfer 
Centers by Incorporation of Unnatural Amino Acids and the CuA Center into the Type 1 Copper Protein 
Azurin, Coord. Chem. Rev. 257, 260-276. 
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Table 5.1 Properties of T1 copper proteins 
Name Organism 
isolated from 
First 
reporte
d 
PDB code for 
first structure 
Ligand set Em 
(mV
) 
Redox partner 
Single domain 
Azurin Bacteria 196214 1AZU 1Cys,2His, 1Met, 
1Carbonyl oxygen 
3101
5 
- 
Amicya
nin 
Mehtylotrophic 
bacteria 
198116 1MDA 1Cys, 2His, 1Met 2601
7 
methylamine 
dehydrogenase, 
cytchrome c551  
Plastoc
yanin 
Plant/algae/cya
nobacteria 
19604 1PLC 1Cys, 2His, 1Met 3705 cytochrome f, P700+ 
Peudoa
zurin 
Denitrifying 
bacteria and 
methylotrophs 
197318 1PAZ 1Cys, 2His, 1Met 2801
9 
nitrite reductase  
Rusticy
anin 
Acidophilic 
bacteria 
197520 1RCY 1Cys, 2His, 1Met 6706 cytochrome c, cytochrome 
c4 
Auracy
anin 
Photosynthetic 
bacteria 
199221 1QHQ 1Cys, 2His, 1Met 2402
1 
- 
Plantac
yanin 
Plants 197422 2CBP 1Cys, 2His, 1Met 3102
3 
- 
Halocy
anin 
Haloalkaliphilic 
archaea 
Natronobacteri
um pharaonis 
199324 - 1Cys, 2His, 1Met 1832
4 
- 
Sulfocy
anin 
Acidophilic 
archaea 
Sulfolobus 
acidocaldarius 
200125 - 1Cys, 2His, 1Met 3002
5 
- 
Nitroso
cyanin 
Autotrophic 
bacteria 
200126 1IBY 1Cys, 2His, 1Glu, 
1H2O 
8527 - 
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Table 5.1(continued) Properties of T1 copper proteins 
Name Organism isolated 
from 
First 
report
ed 
PDB 
code for 
first 
structure 
Ligand set Em (mV) Redox partner 
Multidomain protein with T1 center 
Stellacya
nin 
Plants 19672
8 
1JER 1Cys, 2His, 1Gln 19023 - 
Uclacyani
n 
Plants 19982
9 
- 1Cys, 2His, 1Met 32029 - 
Dicyanin Plants 2000 
30 
- 1Cys, 2His, 1Gln - - 
Multidomain protein with T1 center and other copper center   
Laccase fugi - 1A65 1Cys, 2His, 
(1Leu/Phe) 
465-
77831-33 
- 
 Plants -  1Cys, 2His, 1Met 43434,35 - 
Ascorbat
e oxidase 
Plants - 1AOZ 1Cys, 2His, 1Met 35036 - 
Ceruplas
min 
animals 19483
7 
1KCW 1Cys, 2His, (1Leu) >100038(r
edox 
inactive) 
- 
Ceruplas
min 
   1Cys, 2His, 1Met 44839(red
ox active) 
- 
Hephaest
in 
Mammals 19994
0 
-    
Fet3p yeast 19944
1 
1ZPU 1Cys, 2His 42742 - 
Nitrite 
reductase 
Plants, bacteria - 1NIA 1Cys,2His, 1Met, 
1Carbonyl oxygen 
2607 - 
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Figure 5.1 Crystal structures of the T1 copper proteins. Secondary structure (α helix and β sheet) 
is shown in carton diagram, copper is shown as purple ball and ligands are shown in licorice 
diagram. Name of protein and PDB ID are below each structure. 
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Figure 5.2 Electronic absorption (A) and EPR (B) spectra of Azurin. The high absorption at 628 
nm in electronic absorption and narrow hyperfine splitting (Az) in EPR spectrum are the 
hallmarks of T1 copper protein. 
Even though the amino acid sequences and overall structures vary among 
different T1 copper proteins, the ligand composition, ligand-metal distance and 
geometry of T1 copper center are almost identical in different copper proteins.8,10,43 As 
the most conserved structural feature, T1 copper protein invariably contains two His and 
one Cys as equatorial copper ligands. In T1 copper proteins, His coordinates with 
copper through Nδ, in contrast to Nε used by T2 and other copper proteins. The Cu-His 
bond length is about 2.0 Å in T1 copper protein, typical for such type of bonds. On the 
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other hand, the Cu-Cys bond lengths range from 2.07 to 2.26 Å, relatively short 
compared to normal copper complexes and other copper proteins.13 The short Cu-S 
distance is key to the unique spectroscopic properties of T1 copper and is maintained 
through extensive hydrogen bonding and protein scaffold.13,43 The 2His/1Cys ligand set 
forms a pseudotrigonal plane, with average bond angles in Cu(II) protein to be (101± 
2.5)°, (117± 4.1)° and (134± 2.8)°, calculated from crystal structures with 2.0 Å or higher 
resolution.44 The Cu–Sγ–Cβ–Cα and Sγ–Cβ–Cα–N dihedral angles are also 
consistently close to 180°, making Cu–Sγ bond coplanar with Cys side chain and 
backbone. The ligand set and geometry of T1 copper center are believed to be the 
source of their unique spectroscopic properties, while also contributing to the redox 
potential and electron transfer function in cupredoxins. 
 
Figure 5.3 H-bonding around Cys112 (A) and other ligands (B) of azurin. PDB ID: 4AZU 
 
5.1.2 Mutagenesis of copper ligands 
Due to the importance of ligands in spectroscopy and reduction potential of T1 
copper proteins, a myriad of site directed mutagenesis with natural or unnatural amino 
acids have been carried out to probe the role of individual residues in the first 
coordination sphere. 
 Axial position for T1 copper center shows more variation, as Met/Gln/non-
coordinating residues exist in native protein. Mutagenesis of axial ligand has been 
carried out in azurin,15,45-47 nitrite reductase,48-50 amicyanin,51 rusticyanin,52 
A))
) 
B) 
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pseudoazurin,53 laccase,54 and stellacyanin.29,55,56 Mutation of axial ligand in different T1 
copper protein generally results in a protein that retains the copper binding ability, but 
with different reduction potential or altered spectroscopic properties. An early work 
replaced Met121 in azurin with all other 19 amino acids without altering T1 character of 
copper center.46 While changing axial ligand to hydrophobic ligands such as Ala, Val, 
Leu, Ile increases reduction potential by 40-160mV,15 substitution with Glu or Gln 
decreases reduction potential by 100-260mV.15,57 As axial ligand is changed from Gln to 
Met to more hydrophobic residues, reduction potential of native protein increases. It is 
also suggested that axial ligand involves in tuning potential from theoretical study.58,59 
Dennison and coworker changed axial Met of cucumber basic protein to Gln and Val. As 
axial ligand changes from Gln to Met to Val, electron self-exchange rate increases by 
one order of magnitude and reduction potential increases by ~350 mV.60   
Within T1 copper protein, there are two classes of proteins with slightly different 
spectroscopic features. Typical T1 copper proteins, such as plastocyanin and azurin 
have absorption at ~600nm and axial EPR signal, whereas “perturbed” T1 copper 
protein or green copper proteins have an additional ~400 nm absorption peak in their 
UV-vis spectra, as well as rhombic EPR signals. At the same time, the “perturbed” T1 
copper proteins have longer Cu-S(Cys) distances and shorter Cu-axial ligand 
distances.59 A more extreme case comes from newly discovered nitrosocyanin, with a 
red color arising from the dominant absorption at 400 nm.12 Although the strong 
absorption and 1Cys/2His/1Glu ligand set resembles T1 copper protein, nitrosocyanin 
has large hyperfine splitting values (A|| ~ 150×10-4cm-1) in its EPR spectrum and low 
reduction potential (85mV), which falls into the range of T2 copper protein.12,26,61 
Solomon and coworkers proposed “coupled distortion” theory based on a suite of 
spectroscopic studies in combination with theoretical calculations to explain the 
variance in electronic absorption and concomitant color change from blue to green to 
red in native proteins. This theory states that shorter Cu-axial ligand distances result in 
distortion of the T1 copper geometry toward tetragonal, which elongates the Cu-S(Cys) 
distance.59 This distortion renders the pσ(Cys)-Cu CT more favorable than pπ(Cys)-Cu 
CT, which is manifested as an increase in the ~400nm absorption over the ~600nm 
absorption in the UV-vis spectrum. Mutational studies on axial ligand of various T1 
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copper proteins have validated the “coupled distortion theory”. By changing a weak Met 
to His62-64 or Glu,65-67 the blue copper protein azurin can be converted to a green copper 
protein. By mutating Met to a weaker ligand such as Thr, the natively green copper 
protein, nitrite reductase, has been converted to a blue copper protein.68  
As the Cu-S(Cys) bond defines the properties of type I copper sites,8 mutation of 
Cys to other natural amino acids will dramatically alter the copper site. Substitution of 
any other amino acid for Cys will result in loss of the intense LMCT charge transfer 
bands, arising from the interaction of the Cys-S with copper. So far, only Cys112Asp 
mutation in azurin has been characterized. Mutation of Cys to Asp makes azurin a type 
II copper protein, as evidenced by large hyperfine splitting (A|| ~ 152×10-4cm-1) in the 
EPR spectrum and slow electron transfer.69-72 Addition of another mutation on axial 
position, Met121Leu(Phe/Ile), results in a novel type zero copper center, which has the 
small parallel hyperfine splitting values and rapid electron transfer characteristic of T1 
copper centers, but no longer fits the classification of T1 copper due to the loss of the 
copper-thiolate interaction.73-76 Moreover, there is only a slight increase of 
reorganization energy (0.9-1.1 eV) compared with wild type azurin, much less than type 
II copper protein. ET rate of type zero protein is 100-fold higher than Cys112Asp mutant, 
a typical T2 protein.73,74,76 
Although equatorial His is highly conserved in T1 copper protein, mutation of His 
does not impair copper binding ability of the protein. Canters and coworkers mutated 
two His into Gly separately, the resulting protein still has T1 characters.77,78 As His to 
Gly mutation creates extra space around copper, exogenous ligands such as halides, 
azides and imidazoles could diffuse into His46Gly and His117Gly azurin mutants and 
coordinate with copper. Depending on type of external ligand, the mutants will be either 
T1 or T2 copper protein.77-79 His117Gly and His46Gly mutations also change solvent 
exposure of copper site. Without added external ligand, His117Gly azurin has a 
reduction potential of 670 mV, much higher than that of WT azurin (310 mV). The high 
reduction potential is due to loss of water ligand during reduction. Addition of external 
ligand will lower reduction potential.80 The open coordination site of His117Gly makes it 
possible to study ET using imidazole-modified complexes.81,82 The mutants generally 
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exhibit lower electron transfer rate. As properties of imidazole affects ET rate, it is 
implicated that His is also important in WT protein.83 
5.1.3 Unnatural amino acids to probe  
The use of mutagenesis to probe the properties of T1 copper centers has 
revealed important features of these centers. However, due to the limited number of 
natural amino acids, especially those capable of coordinating a metal ion, it is 
impossible to fine-tune the ligand set of T1 copper centers. The appealing option to 
accomplish such fine-tuning of the ligand set is to incorporate unnatural amino acids, 
consequently adding customized ligand side-chains into the T1 copper center. Among 
different methods discussed in chapter 1, expressed protein ligation (EPL) has been 
proven to be an effective approach for unnatural amino acids incorporation in azurin. 
Azurin has a cysteine close to its C-terminus, and 3 of the 5 ligands are in last 17 amino 
acids (Cys112, His117 and Met121), making them accessible to EPL. Lu group has 
used this method to study the electronic structure, spectroscopic properties and 
reduction potential of azurin through the incorporation of various unnatural amino acids, 
particularly at the Met121 and Cys112 positions (Figure 5.4).84-87 
To test the role of axial ligand in tuning reduction potential of T1 copper protein, 
Berry, Garner et al. incorporated Met analogues with different hydrophobicity into axial 
position of azurin.85,87 Reduction potential of azurin varied from 222 to 449 mV at pH 4.0, 
correlated to hydrophobicity of the axial ligand. Together with results obtained from 
natural amino acids mutagenesis, these studies firmly established correlation between 
hydrophobicity and reduction potential and revealed role of axial ligand in reduction 
potential tuning. 
Clark et al. mutated axial Met to Cys, a strong ligand, then to unnatural amino 
acid homocysteine (Hcy), a strong ligand with longer side-chain. The resulting 
Met121Cys azurin has an additional ~450 nm absorption while in Met121Hcy ~410 nm 
dominates over ~625 nm peak. Together with EPR evidence, it was suggested that 
within the same scaffold, blue copper protein azurin is converted a green copper protein, 
then to red copper protein.88 Interestingly, the engineered red copper protein, 
Met121Hcy azurin, has a low reduction potential (113mV) similar to that of nitrosocyanin 
(85mV). 
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As an isostructual analogue of Cys, Selenocysteine (SeC) can replace Cys 
without major structure perturbation. This strategy has been employed by Lu and 
coworkers as a spectroscopic probe for T1 copper center.84,86,89 The protein, 
Cys112SeC azurin showed similar reduction potential as WT azurin(328 mV vs. 316mV 
at pH4) and red shifted LMCT band at 677 nm.84 
 
Figure 5.4 Unnatural amino acids incorporated into azurin by EPL method.     
His117, one of the planer ligand in copper center of Azurin, is conserved in blue 
copper protein. Site-directed mutagenesis studies have shown that His117, which is the 
center of a hydrophobic patch, plays an important role in the electron transfer in 
azurin81,90-92. Also, introducing a positive charge near His117 can increase the reduction 
potential.92 As a ligand to copper, the electron density of His117 position may directly 
influence the reduction potential of azurin. However, the limitation of replacement of 
histidine with natural amino acids prevents insight of the role of His117. In this study, we 
introduce a series of structural analogues of histidine with different pKa into 117 position 
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(see Figure 5.5) by EPL, to study the influence of H117 on the reduction potential of 
azurin.  
 
 
Figure 5.5 Histidine and histidine analogues    
5.2 Materials and Methods 
5.2.1 General 
All natural amino acids and resins were purchased from Chem-Impex Int. Co. 
Unnatural amino acid were purchased from Chem-Impex, Peptech or synthesized. 
Other chemicals were obtained from Acros or Sigma-Aldrich. Protecting groups used for 
Fmoc-SPPS were Cys(Trt), Ser(OtBu), Glu(OtBu), Cys(StBu), Asn(Trt), His(Trt), 
Lys(Boc), Thr(OtBu). 
Mass spectral data was collected at the Mass Spectrometry Laboratory, School 
of Chemical Sciences, University of Illinois by Electrospray Ionization (ESI) mass 
spectrometry using either Waters Quattro II or Waters ZMD Quadrupole Instrument. 
UV-vis spectra were taken on an HP diode array spectrometer or a Cary 5000 
spectrometer. X-band EPR spectra were collected on a Varian E-122 spectrometer at 
the Illinois EPR Research Center (IERC). The samples were run at ∼30 K using liquid 
He and an Air Products Helitran cryostat with 20% glycerol. Magnetic fields were 
96 
 
calibrated with a Varian NMR gaussmeter, and the frequencies were measured with an 
EIP frequency counter. 
4(5)-nitrohistidine was synthesized by nitration of L-Histidine by nitrate acid as 
reported.93 with yield of 62%. 
5.2.2 Peptides 
The C-terminal peptides with Histidine analog (H2N-CysThrPheProGlyHis(MeH, 
SHis, Ntr or AmH)SerAlaLeuMetLysGlyThrLeuThrLeuLys-COOH) were synthesized on 
a 0.175mmol scale with Advanced ChemTech Model 90 peptide synthesizer using 
standard Fmoc-based chemistry. Wang resin preloaded with Fmoc-Lys(Boc) was pre-
swelled in DMF (6 x 10 min, 6 mL). All Fmoc-deprotections were accomplished using 20% 
piperidine/DMF (v/v) (3 x 3 min, 6 mL). Synthesis of the peptide was completed using a 
five-fold excess of amino acids pre-activated in 0.4 M N-methylmorpholine (NMM) (6 mL) 
and O-(1H-6-chlorobenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 
hexafluorophosphate (HCTU) (4 equiv.) for 3 min and coupled to the resin for 45 min 
under N2 sparging. Amino acids were doubly coupled when necessary and completion 
of the couplings was monitored by qualitative Kaiser test.  
Peptide cleavage from the resin is achieved by incubating the resin with a 
cocktail with 92.5% (v/v) trifluoroacetic acid (TFA), 2.5% triisopropylsilane, 2.5% 
thioanisole, 2.5% H2O at 25 C for 2 h. Preparative RP-HPLC was done with a Waters 
Delta 600 system and a DeltaPak 300×19mm prep column. Solution A was 0.1 % TFA 
in H2O, and solution B was 80 % acetonitrile/20 % H2O with 0.1 % TFA. Unless 
otherwise stated, a linear gradient of 20% to 70% B over 23 min was used for all runs. 
5.2.3 Expressed protein ligation 
Expressed protein ligation is performed as described previously.94 Cultures of E. 
coli BL21 (DE3) cells containing the NEB pTXB1 plasmid to express the azurin(1-111)-
Intein-CBD fusion protein were grown in LB media for 8 h at 37 ºC and used to inoculate 
eight 2 L flasks of LB media containing 100 mg/mL ampicillin. The cells were grown at 
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37 ºC for 16 h with shaking at 210 rpm and harvested at 9000 x g. The cell stock was 
then frozen stored at -20 ºC for up to 2 months.  
The frozen cell stock was re-suspended in a lysis buffer containing 20 mM 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 8.0, 250 mM NaCl, 1 mM 
EDTA, 1 mM PMSF, 0.1% Triton-X-100 and 1 M urea (50 mL). The suspension was 
then lysed using sonication (Misonix Sonicator 4000, 0.5 inch diameter probe) for a 
work time of 6 min (6 s on, 12 s rest). Additional urea was added to bring the final 
concentration to 1.5 M and the lysate was subjected to a second round of sonication for 
3 min work time (6 s on, 12 s off). The crude lysate was centrifuged at 20,000 x g for 30 
min. The supernatant was carefully decanted and the fusion protein bound by batch 
absorption to 70 mL of chitin resin pre-equilibrated with 20 mM HEPES, pH 7.2, 250 mM 
NaCl, and 1 mM EDTA (buffer 1) for 1-2 h at 4 º C. The chitin resin was then poured into 
a column and the column headspace was purged with Ar. The column was then washed 
with 5 column volumes of buffer 1 by cannulation under Ar pressure. 
Ligations were initiated by the addition of the 17-mer peptide (1.02 mM, 60 mg) 
and 2 Eq. tris-(2-carboxyethyl)phosphine (TCEP) (3 mM, 30 mg) in 40 mL of degassed 
buffer 1 (35 mL) containing ~50 mM mercaptophenyl acetic acid (MPAA) (50 mM, 350 
mg) to the column under Ar pressure via cannulation. The chitin resin was re-
suspended in the column and the entire column was agitated gently at 4 ºC for 64 h. 
After ligation, the column was eluted under Ar pressure and washed with 1 column 
volume of buffer 1. The eluent was centrifuged at 20,000 x g for 30 min and the 
supernatant was concentrated using 10,000 MWCO Centricon concentration spin tubes 
at 3000 x g to a final volume of ~10 mL. The concentrated protein was then exchanged 
into 50 mM ammonium acetate buffer pH 6.35 via a short desalting column with 
Sephadex G-25 resin.  
Cu titration and anion exchange purification. The desalted sample was titrated 
with 0.1 Eq. of freshly made 1 mM CuSO4 solution in H2O until the LMCT band (~625 
nm) is saturated. The resulting solution was purified by anion exchange 
chromatography. The holo protein was eluted with Buffer 1 (40mM 3-(N-
Morpholino)propanesulfonic acid (MOPS), pH=6.0), and apo protein came after washing 
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with buffer 2 (1M NaCl). The holo protein was exchanged into 50 mM ammonium 
acetate pH 6.35 for further study. 
5.2.4 Electrochemical study 
The reduction potential of each mutant was determined by cyclic voltammetry 
after calibration with WT azurin reduction potential using a CH Instruments 617A 
potentiostat equipped with a picoamp booster and a Faraday cage. A pyrolytic graphite 
edge (PGE) electrode was polished, and 2-3 μL of protein solution was applied directly 
to the electrode following previously described methods.95 After a short incubation time, 
the electrode was immersed in either 50 mM NaOAc, pH 4.0 with 100 mM NaCl, or 50 
mM NH4OAc, pH 7.0 with 100 mM NaCl before data collection. The reduction potentials 
were measured against Ag/AgCl and converted to NHE. 
5.3 Results and Discussion 
5.3.1 Azurins with His analogues retain Type 1 characters 
The unnatural amino acids were incorporated into His117 of azurin using 
expressed protein ligation, followed by copper titration, as described previously.95,96 The 
identity of apo proteins were verified by ESI-MS. 
As shown in Figure 5.6, UV-Vis spectra of holo proteins with His analogues 
showed absorption around 625nm (Table 5.2), assigned to S(Cys)pπ→Cu dx2-y2 ligand 
to metal charge transfer. The absorption is characteristic of blue copper proteins. 
Besides the ~625 nm absorption, His117Ntr azurin also displayed an absorption 
centered at 350 nm due to the nitro group. 
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Figure 5.6 UV-Vis spectra of holo azurin with histidine and histidine analogues incorporated. 
 
Table 5.2 Properties of azurin mutants with His analogues. 
 pKa λmax 
/nm 
Reduction potential 
 /mV vs. NHE 
WT azurin 7.03b 
(7.18)a 
627 352±2 
His117MeH azurin 7.12b 
(7.01)c 
630 380±4 
His117SHis azurin 2.53b 
(2.44)a 
633 313±5 
His117Ntr azurin (0.49)a 625 276±4 
a. Values calculated with the use of Advanced Chemistry Development (ACD/Labs) 
Software V8.14 for Solaris (© 1994–2009 ACD/Labs) are shown in parenthesis. 
b. Ref.97  
c. Ref.98,99 
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As shown in Figure 5.7, X-band EPR spectra of these proteins were collected 
and simulated with SIMPOW6100. Spectra of all variants contain an axial Type 1-like 
species with Ax ≈ Ay ‹‹ Az. According to the simulation (Figure 5.7 and Table 5.3), the T1 
species of His117MeH, His117SHis, His117Ntr azurin have A|| of 56, 59, 69×10-4 cm-1, 
and g|| of 2.265, 2.283, 2.268 respectively, compared with the wild type azurin value of 
59×10-4 cm-1 and 2.253. There are another species with large hyperfine splitting values 
(177 and 181×10-4 cm-1 for H117SHis Az and His117Ntr Az, respectively), similar to free 
copper or type II copper centers.  
The fraction of the type II-like species increases from His117MeH, His117SHis to 
His117Ntr. This happens to be in coincidence with binding affinity of unnatural amino 
acids. The existence of Type II-like species indicates the copper site is perturbed by the 
unnatural amino acids, , possibly duce to His-off situation originated from the flexibility 
of His117 and varied binding affinity of different UAA introduced to this position. 
 
Figure 5.7 X-band EPR spectra of holo azurin with histidine and histidine analogues 
incorporated. 
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Table 5.3 Simulated EPR parameters 
Protein species fraction gx gy gz Ax /10-
4 cm-1 
Ay /10-
4 cm-1 
Az /10-
4 cm-1 
WT Az  1.00 2.0536 2.0296 2.2530 7 7 59 
His117MeH Az  1.00 2.0567 2.0297 2.2654 8 8 56 
His117SHis Az1 1 0.30 2.0449 2.0417 2.2831 17 9 59 
 2 0.70 2.0594 2.0580 2.2721 6 15 177 
His117Ntr Az1 1 0.18 2.0578 2.0420 2.2679 12 8 69 
 2 0.82 2.0452 2.0654 2.2684 7 20 181 
 
Protein species fraction Wx /Gauss Wy /Gauss Wz /Gauss 
WT Az  1.00 31 31 6 
His117MeH Az  1.00 22 17 9 
His117SHis Az1 1 0.30 33 38 23 
 2 0.70 35 82 74 
His117Ntr Az1 1 0.18 40 63 29 
 2 0.82 34 79 75 
1 Simulation done by Dr. Mark Nilges. 
5.3.2 Reduction potential of azurin mutants showed correlation with pKa of His 
Reduction potential of azurin variants were determined by cyclic voltammetry 
with pyrolytic graphite edge (PGE) electrode as described previously.95,101 At pH 4, wild 
type azurin gave reduction potential of 352±2 mV, comparable to values reported in 
literature.101,102 For His117MeH, His117SHis and His117Ntr azurin, the reduction 
potentials are 380±4, 313±5 and 276±4 mV, respectively (Table 5.2). Although two 
species were shown in EPR, the major peak with low reduction potential is likely due to 
the T1 copper center instead of T2, as T2 with a His-off copper center usually shows 
much higher reduction potential(>600 mV).80  
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Figure 5.8 Reduction potential of azurin is correlated with pKa on histidine. 
As shown in Figure 5.8, there is positive correlation between the reduction 
potential and pKa of Nδ for the type I species.  
Previous studies on model complex with substituted nitrogen ligand have shown 
that electronic and other effects could influence reduction potential. For substituted 
phenanthrolines and bipyridyls coordinating with copper, given coordination number 
unchanged, ligand with higher pKa gave lower reduction potential. Electronic effect 
plays a major role as ligand with higher pKa tend to stabilize higher valence state 
relative to the lower, resulting a lower reduction potential.103 However, many complexes 
didn’t follow the pKa –reduction potential trend when other effects such as solvation of 
copper center are more important.104,105  
We collaborated with Prof. Edward Solomon and Ryan Hadt trying to predict the 
reduction potential change through DFT calculation. As shown in Figure 5.9 and Table 
5.4, the calculated change of adiabatic ionization energies (ΔIEs), a measure of 
reduction potential, are negatively correlated with pKa. 
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Table 5.4 DFT energy of deprotonation and ionization energies (PCM ε = 4.0).1 
 His MeH SHis Ntr 
ΔG(kcal/mol) 3.8 5.8 -5.5 -10.6 
ΔpKa 0 1.4 -6.8 -10.6 
Cu (spin density) 0.52 0.52 0.54 0.49 
S (spin density) 0.32 0.33 0.36 0.39 
IE (eV) 4.164 4.143 4.382 4.531 
ΔIE (eV) 0 -0.021 0.218 0.367 
E0 (exp, mV) 0.352 0.380 0.313 0.276 
ΔE0 (exp, mV) 0 0.028 -0.039 -0.076 
1 Calculated by Ryan Hadt and Dr. Edward Solomon. 
 
 
Figure 5.9 Graph of calculated ΔIE versus ΔpKa. Note the negative linear correlation is opposite 
to what is observed experimentally. Calculated by Ryan Hadt and Dr. Edward Solomon. 
As predictions from inorganic complexes and computational studies contradict 
with our experimental result, we reason that as a complex protein system, factors other 
than electronic effect of His make the major contributions. One of the factors could be 
solvation, such as the case in CuAAz. The axial Met affect reduction potential of T1 
copper protein azurin in a large extend.87,102 However, in the same protein scaffold, 
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mutation of the axial Met caused much smaller change in reduction potential of 
CuAAz.106 Recently, Solomon, Lu and coworkers have revealed that solvation of the 
copper site countered the effect caused by hydrophobicity change of the axial ligand.107 
The overall effect makes hydrophobicity change of axial ligand less effective in 
reduction potential tuning in CuAAz. 
  To fully explain the experimental observation, we need to characterize the 
structure and electronic of these mutants by advance spectroscopic techniques, such as 
X-ray spectroscopy, resonance Raman and magnetic circular dichroism.  
5.4 Summary 
By replacing equatorial His with His analogues with different pKa values, the 
protein keeps T1 character while reduction potential of the protein is changed over 
100mV range. The reduction potential of the proteins with His and His analogues are 
correlated with pKa of His. However, such correlation cannot be solely explained by 
electronic effect. To further correlate change of His and reduction potential change, 
structural information is needed for the system.  
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Chapter 6 Circular Permutation of Azurin 
6.1 Introduction 
Type 1 (T1) copper protein is a family of small copper containing proteins 
involving in electron transfer in various organisms. The T1 copper proteins share low 
sequence similarity besides ligands and key residues in secondary coordination sphere, 
yet retain Greek key β barrel fold, as elucidated by structural alignment(Figure 6.1 and 
Figure 6.2).1 Role of ligands and secondary coordination sphere residues in reduction 
potential tuning and electron transfer of the T1 copper proteins have been extensively 
studied by site-directed mutagenesis and unnatural amino acids incorporation. Williams, 
Malmström and Gray have emphasized the influence of protein structure in electron 
transfer function of T1 copper protein. They have proposed that the overall protein 
structure could position ligands properly to reduce reorganization energy in redox 
process, leading to rapid electron transfer rate, known as entatic or “rack-induced” 
state.2-4  
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Figure 6.1 Aligned structure of 8 Type-1 copper proteins using Multiseq.5 The core β strands 
(colored) are well aligned in T1 copper proteins, while additional α helices and loop regions 
(grey) vary from protein to protein. T1 copper proteins and their PDB code: Plastocyanin, 1PLC; 
Azurin, 4AZU; Pseudoazurin, 1PAZ; Amicyanin, 1AAC, ; Plantacyanin, 2CBP, yellow; 
Stellacyanin, 1JER, tan; Auracyanin, 1QHQ, purple; Rusticyanin, 1RCY, lime. 
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Figure 6.2 Sequence alignment of 8 T1 copper proteins based on structure. Alignment was 
done using Multiseq.5 The colored bar indicate β strands. Color-shading indicates residues with 
greater than 60% similarity among 8 sequences.  
Despite the conserved structure of T1 copper proteins and its proposed role in 
electron transfer, there is no report of altering the structure of Greek key β barrel fold. 
Also, nature evolves T1 copper proteins that the N- and C-termini of protein is in the 
other side of copper binding site (Figure 6.3). There is a need to make N- and C-termini 
close to copper binding site in order to fuse with other protein or to study the copper 
binding ligands.  
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Figure 6.3 Schematic view of overall fold of azurin and circular permutation site. Chain openings 
are indicated by black circle and ligation is indicated by red line. 
In protein engineering, circular permutation is method to alter amino acid 
sequence by joining original N- and C- termini together and to create new termini 
somewhere else in the sequence while keeping 3D structure intact.6 Circular 
permutation has been done in model protein like GFP7 and protein with Greek key fold 
like SOD8 and eye lens βB2-crystalline9 to make better sensor or study structure of 
protein.  Here we designed new azurin mutants by circular permutation and 
characterized structure and spectroscopy of the new mutants.    
6.2 Materials and Methods 
DNA of circular permutants were constructed by overlap-extension PCR. 
Basically, two separate PCR were performed to get N-terminal and C-terminal part of 
the gene. Then a third PCR was performed using two PCR product as template and 
primer. NcoI and SacI recognition site were incorporated into primer and in 5’ and 3’ of 
the gene. The gene was cloned into pET22b plasmid and submitted for sequencing. 
Protein was expressed and purified as described previously10. 
DNA sequence of cpAz1 
atggagttcaacaccaacgccatcaccgtcgacaagagctgcaagcagttcactgttaacctgtctcacccagg
taacctgccgaagaacgttatgggtcacaactgggttctgtccaccgcggctgacatgcaaggcgttgtcactgacggtat
ggctagcggtctggataaagactacctgaagccggatgactctcgagttatcgcccacaccaagctgatcggatccggtg
121 
 
aaaaagactccgttactttcgacgtttccaagcttaaagaaggtgaacagtacatgttcttctgcactttcccgggtcactccg
cactgatgaaaggtaccctgactctgaaaGGAATTCCGGGTGGCgctgaatgctccgttgatatccagggtaat
gatcagTAGTAA 
DNA sequence of cpAz2 
atgggcgttatgggtcacaactgggttctgtccaccgcggctgacatgcaaggcgttgtcactgacggtatggcta
gcggtctggataaagactacctgaagccggatgactctcgagttatcgcccacaccaagctgatcggatccggtgaaaa
agactccgttactttcgacgtttccaagcttaaagaaggtgaacagtacatgttcttctgcactttcccgggtcactccgcactg
atgaaaggtaccctgactctgaaaggaattccgggtggcgctgaatgctccgttgatatccagggtaatgatcagatgcag
ttcaacaccaacgccatcaccgtcgacaagagctgcaagcagttcactgttaacctgtctcacccaggtaacctgccgaa
gtagtaa 
Molecular dynamics simulation was performed using NAMD and VMD software.11 
The structure was constructed starting from holo azurin structure(PDB ID:4AZU)12. PSF 
file was generated using PSFGEN in VMD software suite and coordinates of missing 
atoms and H atoms were guessed based on topology of residues in CHARMM force 
field13. MD simulation was performed using 1000 steps on minimization followed by 
500,000 steps (1ns) of equilibration.  
UV-vis spectra were taken on an HP diode array spectrometer or a Cary 5000 
spectrometer. Extinction coefficient of ligand-metal charge transfer band was 
determined by spin counting. X-band EPR spectra were collected on a Varian E-122 
spectrometer at the Illinois EPR Research Center (IERC). Proteins for EPR were 
exchanged to TIP7 buffer14 by a short Sephadex G-25 column and 25% of glycerol was 
added. The samples were run at ∼30 K using liquid He and an Air Products Helitran 
cryostat. Magnetic fields were calibrated with a Varian NMR gaussmeter, and the 
frequencies were measured with an EIP frequency counter. EPR spectra were 
simulated using SIMPOW6.15 
EXAFS and XANES spectra were collected at beam line X3B, National 
Synchrotron Light Source with a sagittally focused Si (111) crystal Monochromater. 
Samples were cooled to 40K before scanning and kept cold during data collection. Kα 
fluorescence was collected by a Canberra 31-element Ge detector. A Cu foil was used 
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as reference to calibrate energy.  A 6μm Ni filter was placed before detector to reduce 
elastic scattering.  Four to six scans of each sample were collected. Data reduction and 
background subtraction were performed with EXAFSPAK 16 and data was fitted with 
EXCURVE 9.2 17-20 as previously described 21.  
cpAz2 was further purified by size exclusion chromatography for crystallization. 
The protein was mixed with equal amount of well buffer (0.1M Tris, 0.1M LiNO3, 0.01M 
CuSO4, pH8 with 35% PEG 10,000) and crystallized by hanging drop method. The 
crystals were first soaked briefly in cryo-protectant and were flash frozen in liquid 
nitrogen. The diffraction data sets were collected at the National Synchrotron Light 
Source beamlines X12B, X26C, X29A (Upton, NY) and were processed with HKL2000 
software. The crystal structure was phased by MOLREP 22  in the CCP4 package 23. 
Refinement was performed using PHENIX 24 and Coot 25. 
6.3 Results and Discussion 
6.3.1 Rational design of construct 
The schematic drawing of azurin fold (Figure 6.3) showed that there are three 
possible positions to create new termini close to copper center. They are the loop 
between 1st and 2nd β strands, between 3rd and 4th β strands, between 6th and 7th β 
strands. However, the loop between 6th and 7th β sheets hosts 3 copper binding 
ligands. Perturbation to this loop is likely to disrupt copper center. As a result, I 
designed mutants based on opening in first two positions (Figure 6.5). The resulting 
mutants were named as cpaz1 and cpaz2, respectively. 
In crystal structure, the original N- and C-terminus were 15 Å apart, flanked by 
2nd β strand. Taking into consideration that first 3 amino acids are flexible, additional 5 
amino acids were added as linker and Gly and Pro were chosen to provide enough 
flexibility and a kink to bend the peptide chain. Again, molecular dynamics simulation 
was performed to verify the hypothesis. 
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Figure 6.4 Simulation of cpAz1 and cpAz2. 1. Alignment of overall structure of cipAz1 and WT 
Azurin. WT Azurin was shown in trans-parent. 2. Overlay of cpAz2 and WT Azurin. WT Azurin 
was shown in transparent. 3. Copper center of WT Azurin. 4. Copper center of cpAz2, showing 
a water coordinate with Cu (II), which is artifact of MD simulation. 5. Showing water molecules 
within 8 Å of copper ion.  
cpaz1 and cpaz2 were subjected to MD simulation. Due to restriction of 
computational power, simulations were performed on 1 ns scale for each mutant. At this 
time scale, it is not sufficient to see the influence to overall fold, but changes to the loop 
region should be seen. The structures after simulation were shown in figure 6.4. The 
overall structures were very similar to azurin. There is no significant change in position 
of copper ligands and geometry of copper center. In simulation of cpAz2, water enters 
copper center at ~0.5ns, which may indicate copper center is more exposed to outside 
environment. However, there is no sign of extra water from EPR and UV-vis spectra. 
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After 1ns equilibration, the 5-amino acid linker is on top of a β strand, which is rarely 
seen in the actual structure. This is probably an artifact due to insufficient time. From 
the length of linker and relative conformation during simulation, it is safe to conclude 
that linker of 5 amino acids is enough to connect two old termini.  
6.3.2 Overall structure of circular permutated protein is not perturbed 
Both cpaz1and cpaz2 mutants were constructed using overlapping PCR and 
cloned to pET22b for periplasmic expression with pelB leader peptide. Amino acids 
sequences of the two mutants were aligned with azurin in Figure 6.5. A few additional 
point mutation were made in each of these genes for the purposed of molecular cloning. 
They are all in random loop region opposite to copper center to minimize effect to 
protein. 
 
Figure 6.5 Sequence alignment of azurin, cpaz1 and cpaz2. Numbers in this figure indicate 
actual number in each protein. Mutations were highlighted by red color. 
Like WT azurin, cpaz1 and cpaz2 were recombinantly expressed into periplasmic 
space of E. coli with yield of ~30mg/L. Identity and purity of proteins were verified by 
ESI or MALDI mass spectrometry (cpAz1 calculated: 14328,observed 14327; cpAz2 
calculated: 14401, observed 14393). 
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Folding free energy of WT azurin and mutants were measured by monitor 
tryptophan fluorescence during chemical denaturation. Guanidine concentrations at 
transition midpoint were reported previously.26 The number for WT azurin agrees well 
with reported value of 1.70 M.26 The midpoint concentration for cpAz1 and cpAz2 are no 
more than half of WT azurin (0.64 M for cpAz1 and 0.81 M for cpAz2). Even compared 
with point mutation of azurin, which ranged from 1.0 to 1.25 M. The small [Gu]1/2 and 
folding free energy imply perturbation of structure, which is expected for circular 
permutation. 
 
 
Figure 6.6 Guanidine denaturation curves of all proteins (A), experimental data and fitting of WT 
Az (B), cpAz1 (C) and cpAz2 (D). Tryptophan fluorescence is monitored at 308nm. 
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Table 6.1 Thermodynamic stability parameter of azurin and mutants.  
 WT Az cpAz1 cpAz2 
[Gu]1/2(M) 1.65 0.64 0.81 
m -2.6×104 -2.6×104 -1.9×104 
folding free energy 
(kJ/mol)  
43.2±1.1 16.3±1.3 15.3±1.4 
 
Crystallization was attempted for cpAz1 and cpAz2. While cpAz1 generated 
polycrystals for 6 different attempts, diffraction quality crystals were obtained from 
cpAz227 and diffracted to 2.4 Å resolution at NSLS. While initial molecular replacement 
with full azurin structure failed in phasing diffraction data, phasing using structure 
containing coordinate of residue 42-128 of azurin succeeded.  
Table 6.2 Data collection and refinement statistics. 
 cpAz2 
Resolution range (Å) 42.84  - 2.397 (2.483  - 2.397) 
Space group P 31 2 1 
Unit cell 115.436 115.436 83.145 90 90 120 
Unique reflections 25297 (2365) 
Completeness (%) 99.41 (94.60) 
Mean I/sigma(I) 23.17 (4.88) 
Wilson B-factor 61.57 
R-factor 0.2312 (0.4374) 
R-free 0.2602 (0.4886) 
Number of atoms 1998 
  macromolecules 1966 
  ligands 4 
  water 28 
Protein residues 261 
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Table 6.2 Data collection and refinement statistics. (Continued) 
RMS(bonds) 0.010 
RMS(angles) 1.40 
Ramachandran favored (%) 92 
Ramachandran outliers (%) 4.2 
Clashscore 12.88 
Average B-factor 55.40 
  macromolecules 55.80 
  solvent 34.70 
 
The structure of cpAz2 was refined to Rfree of 0.26 (Table 6.2). The overall 
structure aligned well with that of WT Az (Figure 6.7). RMS deviation is 0.62 Å between 
backbone of the solved structure and that of WT Az (PDB 4AZU)28. The N- and C-
termini were connected by a loop, on top of a β stand. Under crystallization condition, 
the new N-terminal, close to the copper site, protrudes into another unit cell. There is a 
new copper site formed between N-terminal amine and backbone carbonyl of Met1 of 
one protein and N-terminal amine and backbone amide of Met1 in another protein 
(Figure 6.8).  Such interaction, although weak, could be the starting point for interface 
design and metal-mediated protein-protein recognition. 29-31 
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Figure 6.7 crystal structures of WT azurin (PDB: 4AZU in cyan) and cpAz2 (blue). (A) Overlay of 
the structures. (B) Comparison of Cu sites. 
 
 
Figure 6.8 Copper binding site formed between two monomers of cpAz2 
The T1 copper site of cpAz2 are within range of these found in T1 copper 
protein.4 Compared with WT azurin, the His to Cu distances are larger, which could be 
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due to X-ray reduction of copper during data collect. EXAFS in section 6.3.3 gives more 
accurate distance. 
Table 6.3 Distances between ligands and copper for cpAz2. For comparison, corresponding 
distances from the previously published structures of wild type azurin (4AZU) were included. 
Distance to Cu (Å) 1 2 WT azurin  
Cys72 2.125 2.150 2.24(5) 
His77 2.215 2.192 2.01(7) 
His6 2.151 2.063 2.08(6) 
Met81 3.040 2.822 3.15(7) 
Gly5 2.832 2.856 2.97(10) 
  
6.3.3 Circular permutated proteins retain type I characters 
Besides structural method that reveals the overall fold of circular permutated 
azurins, various spectroscopic techniques could provide information about structure and 
electronics of the T1 copper center. Electronic absorption spectra of Cu2+ incorporated 
cpAz1 and cpAz2 showed λmax at 623 and 618nm, slightly smaller than that of WT 
azurin (628 nm), which is still typical of type I copper protein. Besides ~625 nm peak 
which is due to pπ (Cys)-Cu(II) charge transfer, there are peaks at ~800nm and ~450nm, 
which is due to d-d transition and pσ(Cys)-Cu(II) charge transfer. Those peaks are 
higher compared with WT Azurin, suggesting changes of electronic structure of the 
copper sites.  
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Figure 6.9 (A) Electronic absorption spectra of cpAz1 and cpAz2, and (B) EPR spectra of WT 
Azurin, cpAz1 and cpAz2 (solid black line) and simulated spectra of cpAz1 and cpAz2 (dashed 
red line). 
EPR is a sensitive method to detect types of copper center present in protein and 
the covalence between metal and ligand. EPR spectra of cpAz1 and cpAz2 showed a 
single T1 copper center. The simulated parameters (Table 6.4) are close to those of WT 
Az. Especially the small hyperfine splitting values (54×10-4 cm-1 for cpAz1 and 62×10-4 
cm-1 for cpAz2) are similar to that of WT Az (53×10-4 cm-1) and are within the range of 
typical T1 copper center (<150×10-4 cm-1)32. 
Although spectroscopically cpAz1 and cpAz2 are very similar to WT Azurin, their 
reduction potential varies. cpAz2 has a reduction potential 70mV higher that WT Azurin 
at pH4, and 124mV higher at pH7. As reduction potential of T1 copper proteins are 
affected by multiple factors, it is not clear the reason for the change. 
 
 
 
A) B) 
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Table 6.4 Spectroscopic properties, reduction potentials of WT Azurin, cpAz1 and cpAz2. 
 WT Azurin cpAz1 cpAz2 
λmax (nm) 627a 623 618 
Extinction Coefficient(M-1 cm-1) 5.3E+03b 5.4E+03 4.4E+03 
gx 2.028 2.061 2.053 
gy 2.055 2.029 2.032 
gz 2.262 2.266 2.247 
Ax (×10-4 cm-1) 9c 10 9 
Ay (×10-4 cm-1) 9c 10 9 
Az (×10-4 cm-1) 53c 54 62 
reduction potential at pH4 (mV) 324±9 342±3 394±6 
reduction potential at pH7 (mV) 226±1 244±6 350±2 
a. From ref33. b. estimated from ref10. c. from ref10. 
 
Similarities of UV-vis and EPR spectra of cpAzs to those of WT Az suggest 
similar T1 copper site. Direct information of ligand distances comes from EXAFS. We 
collected EXAFS data for WT azurin, cpAz1 and cpAz2 at X3B of National Synchrotron 
Light Source. In collaboration with Kelly Chacon and Dr. Ninian Blackburn, we analyzed 
the data to extract ligand type, coordination number and distances as shown in Figure 
6.10 and Table 6.5. 
Spectrum of WT azurin was fitted by two histidines and one cysteine at 1.93 and 
2.17 Å. With only 0.02 and 0.01 Å difference from what reported before 21, the data 
agrees well with previous observation. Fitting of cpAz1 data gave two histidines and one 
cysteine at 1.93 and 2.16 Å, while fitting of cpAz2 data gave two histidine and one 
cysteine at 1.94 and 2.16 Å. Addition of one water at 2.5 Å didn’t result in significant 
improvement of both fittings and gave abnormal Debye-Waller factor. Both cpAz1 and 
cpAz2 showed the same ligand set and almost the same distances. The similarity 
directly confirms cpAz1 and cpAz2 have the same copper site structure. 
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Figure 6.10 Fourier transform and EXAFS (inset) for the WT azurin, cpAz1 and cpAz2. 
Experimental data are shown as solid black lines and simulation are shown as dashed red lines. 
Data processed by Kelly Chacon and Dr. Ninian Blackburn. 
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Table 6.5 EXAFS fitting parameters, fitted by Kelly Chacon and Dr. Ninian Blackburn. 
Sample/fit Fa Cu--S Cu—N(His)b E0 
Nc R(Å)d DW(Å2)e Nc R(Å)d DW(Å2)e 
WT  1 2.17 0.003 2 1.93 0.008 -2.3 
cpAz1  1 2.16 0.004 2 1.93 0.010 -4.0 
cpAz2  1 2.16 0.004 2 1.94 0.010 -3.2 
a  F is a least-squares fitting parameter defined as  
2)- ModelDatak
N
1
=F (6
N
1=i
2 
 
b  Fits modeled histidine coordination by an imidazole ring, which included single and 
multiple scattering contributions from the second shell (C2/C5) and third shell (C3/N4) 
atoms respectively.  The Cu-N-Cx angles were as follows: Cu-N-C2 126, Cu-N-C3 -
126, Cu-N-N4 163, Cu-N-C5 -163. 
c  Coordination numbers are generally considered accurate to ± 25% 
d  In any one fit, the statistical error in bond-lengths is ±0.005 Å.  However, when errors 
due to imperfect background subtraction, phase-shift calculations, and noise in the data 
are compounded, the actual error is probably closer to ±0.02 Å. 
e Debye-Waller factors are quoted as 2σ2 
 
6.4 Summary 
 In conclusion, we successfully applied circular permutation to azurin. The 
resulting mutants, cpAz1 and cpAz2, showed similar electronic absorption and EPR 
spectra as wild type. The crystal structure of cpAz2 and EXAFS of both mutants indicate 
overall structure and the T1 copper center are similar to those of wild type, too. 
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